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A B S T R A C T

Parkinson’s disease (PD) is a neurodegenerative disorder described by severe motor symptoms involving
postural imbalance, uncontrolled shake, slowness of motion and rigidity. Searching for a natural remedy for
PD to overcome the common adverse effects of conventional treatments, the neuroprotective effects of three
dose levels (50, 100, and 200 mg/kg) of Pulicaria undulata essential oil (PUEO) in rotenone-induced model in
male Wistar rats were investigated. PUEO was analyzed by GC and GC/MS resulting in the identification of
twenty-one compounds. Carvotanacetone was the major component (80.14%). The middle and high doses of
PUEO attenuated rotenone-induced behavioral deficits besides, hindering the decrease in striatal dopamine
and ATP levels, with partial retardation in rotenone-induced body weight loss. Biochemical assessments
illustrated that PUEO mitigated rotenone-induced increment in striatal interleukin-1b (IL-1b), tumor necro-
sis factor-a (TNF-a), and inducible nitric oxide synthase (iNOS). The reduction in malondialdehyde and
increase in glutathione striatal contents depicted its antioxidant potential. Molecular docking study of carvo-
tanacetone might justify the observed normalization of the elevated iNOS level induced after exposure to
rotenone. This is the first study indicating the ability of PUEO to protect rats against rotenone-induced PD via
anti-inflammatory and antioxidant activities with the ability to reduce a-synuclein gene expression.

© 2020 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Parkinson's disease (PD) is an age-related neurodegenerative con-
dition characterized by loss of dopaminergic neurons in substantia
nigra and accumulation of intracellular protein aggregates known as
Lewy bodies (LBs) (Takeda et al., 2000). Though many components of
these aggregates have been identified, a-synuclein comprises the
major fraction of LBs (Cookson and van der Brug, 2008). The neurotic
features of PD include an unusual accumulation of a-synuclein partic-
ularly throughout various brain regions in the remaining dopaminergic
neurons of the nigrostriatal pathway (Ferrer, 2009). Although a-synu-
clein aggregation actively contributes to disease development, the
mechanism that induces intraneuronal aggregation is still unclear. It
was previously suggested that protein radical formation is an opening
door for aggregation (Kumar et al., 2016). Inducible nitric oxide syn-
thase (iNOS) and nitric oxide (NO) are linked to neuroinflammatory
responses in neurodegenerative disorders including PD (Broom et al.,
2011). Nitric oxide contributes to nitration of tyrosine residues of
a-synuclein and promotes its aggregation (Benner et al., 2008).

Rotenone, a well-known natural insecticide, is highly lipophilic
and readily crosses the meninges (Talpade et al., 2000). It is known to
inhibit mitochondrial complex-I and causes oxidative stress hence
the produced reactive oxygen species (ROS) are capable of modifying
several proteins including a-synuclein (Sherer et al., 2007). Introduc-
tion of such modifications in the native polypeptide causes it to mis-
fold and subsequently form aggregates (Thakur and Nehru, 2014).
Administration of rotenone to rats induces degeneration of nigros-
triatal dopaminergic neurons associated with a-synuclein-positive
LB-like inclusions (Betarbet et al., 2000).
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The genus Pulicaria, family Asteraceae, is represented by 100 spe-
cies distributed in Asia, Europe and North Africa. It is a predominant
genus in the Mediterranean region (Liu et al., 2010). Pulicaria undu-
lata (L.) C.A.Mey. is occasionally a perennial sub-shrub or an annual
herb which gives small bright yellow flowers. It is one of the wild
desert plants in Egypt (Boulos, 2002, 2009). The aerial parts were tra-
ditionally used as a stimulant, general analgesic and an infusion for
headache (Eissa et al., 2014). It is frequently applied in folk medicine
by people of southern Egypt and Saudi Arabia as a herbal tea, for the
treatment of inflammation and as an insect repellent (Stavri et al.,
2008). The composition of P. undulata essential oil is greatly influ-
enced by the geographic origin of the plant and has been reported to
contain carvotanacetone as major component in some regions reach-
ing up to 91.4, 55.0 and 14.8% in P. undulata essential oils from
Yemen, Sudan and Algeria, respectively (Ali et al., 2012; Boumaraf
et al., 2016; EL-Kamali et al., 2009). The essential oil of P. undulata
from Sinai in Egypt exhibited significant differences from the oils of
this species acquired from different regions, with carvacrol being the
major constituent comprising (46.5%) and carvotanacetone being
only (8.7%) (Mustafa et al., 2018).

Reported studies specified that PUEO showed antimicrobial (Ali
et al., 2012; El-Kamali et al., 1998), sedative (Ali et al., 1987), antioxi-
dant (Mustafa et al., 2018; Ravandeh et al., 2011), insecticidal (Ele-
gami et al., 1994), cytotoxic and anticholinesterase activities (Ali
et al., 2012; Mustafa et al., 2018). Nevertheless, no reports were
traced on the antiparkinson’s activity and composition of PUEO from
the plant cultivated in the western desert of Egypt till now.

Reviewing the literature, the extract of P. undulata was proved to
delay protein aggregation (Ghahghaei et al., 2014) and reduce iNOS
protein levels (Hegazy et al., 2012), thus should be considered as a
possible drug candidate to prevent neurodegenerative diseases. This
motivated us to carry out the current study focusing for the first time
on the chemical composition of the essential oil of the Egyptian plant
growing wild in the western desert and exploring its neuroprotective
efficacy in a rotenone-induced PDmodel in rats, directing the amend-
ment of neuroinflammation, oxidative damage and the disease
marker protein; a- synuclein.

2. Materials and methods

2.1. Plant material

Pulicaria undulata (L.) C.A.Mey aerial parts were gathered in March
and April 2016, from Wadi El-Natron, Western desert, Egypt. The
identity of the plant was confirmed by Dr Mohamed El-Gibaly, botany
specialist. An air-dried voucher sample (No. 26�6�16) has been
retained in the herbarium of Pharmacognosy Department, Faculty of
Pharmacy, Cairo University, Egypt.

2.2. Extraction of the essential oil

The essential oil of P. undulata was acquired by hydrodistillation
of the fresh aerial parts of the plant (Egyptian Pharmacopoeia, 2005).
The oil was dehydrated using anhydrous sodium sulfate and kept in
sealed vials away from light at �30 °C till analysis. The yield was
determined in triplicate, depending on the original plant weight and
calculated in% (v/w).

2.3. GC and GC/MSanalysis of the essential oil

GC analysis was done using a Hewlett-Packard-HP 6890 GC sys-
tem provided with capillary column Agilent 19091J-413 HP-5 and
FID detector. One mL sample was injected. The injector temperature,
220 °C; oven temperature was automated: isothermal at 60 °C for
1 min, then ascending from 60 °C to 220 °C at 4 °C/min, and kept at
220 °C for 10 min; detector temperature, 250 °C; carrier gas, nitrogen
(1 mL/min); split ratio, 1:20. GC solution� software ver. 2.4 (Shi-
madzu Corporation, Kyoto, Japan) was adopted for reporting the
chromatograms. Mean areas under the peaks of three separate runs
served for computing the composition of each constituent.

A Shimadzu GCMS-QP2010 (Kyoto, Japan) was used for determin-
ing mass spectrometry, provided with Rtx-5MS fused bonded column
(Restek, USA) provided with a split-splitless injector. The capillary
column was attached to a quadrupole mass spectrometer (SSQ 7000;
Thermo-Finnigan, Bremen, Germany). Helium carrier gas flow rate:
1.4 mL/min. Injector temperature: 250 °C. The column temperature
started at 45 °C for 2 min, automated to 300 °C at a rate of 5 °C/min
and kept at 300 °C for 5 min. Mass spectra were documented by
means of: diluted samples (1% v/v) injected with split mode (ratio
1:15); filament emission current, 60 mA; ionization voltage, 70 eV;
ion source temperature, 200 °C.

Identification of components was carried out by comparing their
mass spectra and retention indices (RIs), against standard alkanes
analyzed under the same conditions, with those of NIST Mass Spec-
tral Library, the Wiley Registry of Mass Spectral Data (8th ed.), and
references (Boumaraf et al., 2016; Ravandeh et al., 2011).

2.4. Ferric reducing antioxidant power assay (FRAP)

A slightly modified method of Benzei and Strain (Benzie and
Strain, 1996) was carried out to estimate the ferric reducing ability of
PUEO. Briefly, 10 mL of samples (PUEO and gallic acid) were mixed
with 190 mL of reaction mixture (152 mL FRAP acetate buffer, pH 3.6,
19 mL ferric tripyridyl triazine (Fe III TPTZ) and 19 mL FeCl3). The
absorbance was measured immediately at 594 nm in kinetic mode
for 60 min at 37 °C. To test the reproducibility of the assays the anti-
oxidant activities were measured three times. FRAP values (mM Fe
(II)) were calculated using linear regression equation for standard fer-
rous sulfate.

2.5. Neuroprotective activity of PUEO

2.5.1. Animals
Adult male Wistar rats (180�200 g) obtained from the animal

house of Faculty of Pharmacy, Cairo University, Egypt, were lodged in
groups at constant temperature (23§2 °C), humidity (60§10%) and a
light/dark (12/12 h) cycle. Typical chow diet and water were allowed
ad libitum. The study was approved and all methods were performed
in accordance with the relevant guidelines and regulations of the
Ethics Committee for Animal Experimentation of Faculty of Phar-
macy, Cairo University (Permit Number: PT 1777) and conforms with
the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85�23,
revised 2011).

2.5.2. Experimental design
Forty rats were randomly divided into 5 groups (8 rats, each) by a

technical assistant who was not involved in the analysis. Group I
received 1% dimethylsulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO,
USA; 0.1 mL/100 g; s.c.) every other day and Tween 80 (10% v/v) daily
for 21 days and served as a control group. Group II (ROT) received 11
subcutaneous injections of rotenone (Sigma-Aldrich) dissolved in 1%
DMSO every other day at a dose of 1.5 mg/kg (Kandil et al., 2017) for
21 days. Meanwhile, PUEO suspended with Tween 80 in distilled
water (10% v/v) was orally administered daily to rats of groups III, IV,
and V at the doses of 50, 100 and 200 mg/kg, respectively, in volume
of 10 mL/kg (Liu et al., 2015; Nemati et al., 2018) for 21 days (1 h
before rotenone on the days of its injection). At the beginning and
end of the experiment period, body weight of each rat was recorded.
Animals were subjected, 24 h after the last injection of rotenone, to
behavioral tests comprising the open field and rotarod tests and then
euthanized by decapitation under light anesthesia. Brains were
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quickly removed, washed with ice-cold saline, striata of both hemi-
spheres were separated, homogenized in ice-cold saline (10% w/v),
and subjected to biochemical analysis. During the analysis of these
measurements, the investigators were blinded to sample identity.

2.5.3. Evaluation of body weight and behavioral alterations
The weight of each rat was documented at the onset of the experi-

ment and one day after the last rotenone injection and weight
changes were recorded. Rats were carefully observed in order to
assess locomotor activity 24 h after the last rotenone and/or PUEO
dose by blinded examiners.

Open field test: Spontaneous locomotor behaviors were evaluated
using the open field test (Walsh and Cummins, 1976). Concisely, a
square wooden box, 80 £ 80 £ 40 cm, with red walls and black floor
divided with white lines into a 4 £ 4 grid of 16 equal squares, was
used. Each rat was gently placed in the central area of the open field,
and the locomotor behavior was video recorded for 5 min. The test
was performed under dim white light in a sound attenuated room
and the floor and walls were cleaned with 20% ethyl alcohol after
testing each animal. Latency time (time elapsed with a lack of move-
ment), ambulation frequency (horizontal movement), grooming fre-
quency (the number of face scratching and washing with the hind
limbs and licking of forelimbs) and rearing frequency (vertical move-
ment) were recorded for each rat.

Rotarod test: Animals were observed for coordinated motor bal-
ance using a rotarod apparatus (90 cm height, 3 cm diameter and
25 rpm) (Jones and Roberts, 1968). Before investigation, the rats
were acclimatized on the rotarod via 3 training sessions of 5 min
each for 3 days. After finishing the open field test, the rats were
assessed for a period of 5 min and the latency to fall off was docu-
mented.

2.5.4. Biochemical measurements: striatal dopamine, inflammatory
mediators, ATP and protein contents as well as oxidative stress
biomarkers

Striatal dopamine content was measured according to the manu-
facturer’s instructions using Rat Dopamine ELISA Kit (USCN Life Sci-
ence Inc., Wuhan, China) by means of BioTek Elisa Reader ELx808.
Outcomes were expressed as ng/mg protein.

TNF-a and IL-1bwere assessed using ELISA assay kits (Ray Biotech
Inc., Norcross, Georgia, USA) by means of BioTek Elisa Reader ELx808.
Results were conveyed as pg/mg protein.

Adenosine triphosphate (ATP) content was measured according to
the manufacturer’s directions using Rat ATP ELISA Kit (KAMIYA Bio-
medical Co., Seattle, USA) by means of BioTek Elisa Reader ELx808.
The results were expressed as mmol/mg protein. The protein content
was quantified and expressed per mg protein (Bradford, 1976).

Striatal malondialdehyde (MDA) level was assessed using the Bio-
diagnostic colorimetric kit (Cairo, Egypt) according to a defined tech-
nique (Ohkawa et al., 1979) and the results were conveyed as nmol/
mg protein. Meanwhile, striatal reduced glutathione was determined
as described by Ellman (Ellman, 1959) and the results were expressed
as mg/mg protein.

2.5.5. Western blot analysis
Equal amounts of the protein samples from striatal tissues were

separated by SDS/polyacrylamide gel electrophoresis and electro-
transferred to polyvinylidenedifluoride (PVDF) membranes. The
membrane was incubated overnight with mouse monoclonal anti-
iNOS antibody (1:2000 dilution; Abcam, Cambridge, MA, USA) /or
anti-b-actin antibody (1:1000 dilution; thermoscientific, USA), with
a mouse anti-rabbit secondary monoclonal antibody conjugated to
horseradish peroxidase at room temperature for 2 h. The membranes
were then washed four times using 10 mM Tris-Cl, pH 7.5, 100 mM
NaCl, and 0.1% Tween 20 at room temperature. The blots were devel-
oped and detected with chemiluminescence using BioRad kit
according to the manufacturer’s procedures. The amount of protein
was quantified by densitometric analysis using BioRad software (Bio-
RAD., USA). Results were expressed as arbitrary units after normaliza-
tion for b-actin protein expression.

2.5.6. Quantitative RT-PCR for a-synuclein gene expression
Extraction of total RNA from striatal tissue was performed using

RNeasy Kit (Qiagen, CA, USA) and its purity was confirmed spectro-
photometrically at OD 260/280 nm. Equal amounts of RNA were then
reverse transcribed into complementary DNA (cDNA) using Super-
script Choice systems (Life Technologies, USA) according to the man-
ufacturer’s guidelines. To assess the expression of a-synuclein gene,
quantitative real-time PCR was performed using SYBR Green
PCR Master Mix (Applied Biosystems, CA, USA) as described by the
manufacturer. The relative expression of target gene was
obtained using the 2�DDCT formula as described formerly (Livak
and Schmittgen, 2001) using GAPDH as a housekeeping gene.

2.6. Molecular docking

The molecular docking study has been achieved on MOE software
(MOE� 2014.09) available in CADD lab. (Dept. of Pharm. Chem.; Fac-
ulty of Pharmacy; Oct. 6 University). The experimental procedure
involves downloading the target enzyme, induced Nitric oxide Syn-
thase (iNOS) (PDB Code: 1O76), co-crystallized with Camphor, from
RCSB-Protein data bank, (Resolution: 1.80 A

�
; deposited by Fedorov et

al. (Fedorov et al., 2003). The downloaded X-ray crystallographic
structure was then prepared for docking according to sequence
stated in MOE platform. The structure of R-(-)-Carvotanacetone was
constructed into a 3D model using the builder interface of the MOE
program and then it was subjected to conformational search followed
by energy minimization. All the minimizations were performed with
MOE until a RMSD gradient of 0.01 Kcal/mole and RMS distance of
0.1 A

�
with MMFF94X force-field and the partial charges were auto-

matically calculated. The obtained database was then saved as MDB
(Molecular Data Base) file to be used in the docking calculations.

The methodology for docking of Carvotanacetone to iNOS active
site was applied as follows: The enzyme active site file was loaded
and the Dock tool was initiated. The program specifications were
adjusted to: Ligand atoms as the docking site, triangle matcher as the
placement methodology to be used, London dG as Scoring methodol-
ogy and was adjusted to its default values, the MDB file of the ligand
to be docked was loaded and Dock calculations were run automati-
cally, the obtained poses were studied and the poses showing best
ligand-enzyme interactions were selected and stored for energy cal-
culations.

2.7. Statistical analysis

Data were expressed as means § SEM. Statistical comparisons
were performed using one-way ANOVA followed by Tukey-Kramer
multiple comparisons test; except for ambulation, rearing and
grooming frequencies which were analyzed using Kruskal-Wallis
non-parametric one-way ANOVA followed by Dunn’s multiple com-
parisons test. Statistical analysis was performed using Graph Pad
Prism software (version 5; Graph Pad Software, Inc., San Diego, CA,
USA). The level of significance was fixed at P < 0.05, with respect to
all statistical tests.

3. Results

3.1. Essential oil analysis

The essential oil of P. undulata is light yellow with pleasant odor
and 0.5% v/w yield. Twenty-one compounds were unambiguously
identified by GC/MS accounting for 95.24% of the total composition.



Table 1
Chemical composition of Pulicaria undulata essential oil (PUEO) obtained from the aerial parts.

Peak Identified Component a RI b RT c Area% (SE)

1 2,4-Dimethylheptane 800 4.18 0.21 (0.03)
2 1,4-Dimethylcyclohexane 805 4.315 0.06 (0.01)
3 trans-2-Hexenal (Leaf aldehyde) 847 5.485 0.11 (0.05)
4 (3E)�2,6-Dimethyl-3,5-heptadien-2-ol 992 9.470 0.22 (0.10)
5 o-Cymene 1025 10.492 0.11 (0.02)
6 Eucalyptol (Cineole<1,8>) 1033 10.720 0.07 (0.03)
7 cis-Linalool oxide 1075 12.03 0.43 (0.09)
8 trans-Linalool oxide 1091 12.536 0.07 (0.03)
9 Linalool 1098 12.890 3.98 (0.42)
10 Chrysanthenone (2-Pinen-7-one) 1129 13.714 6.06 (2.32)
11 Camphor 1149 14.333 0.05 (0.01)
12 Terpin-4-ol 1181 15.33 0.04 (0.00)
13 a-Terpineol 1194 15.750 0.15 (0.05)
14 Tetrahydrocarvone 1199 15.91 0.61 (0.07)
15 Carvomenthol 1202 15.97 1.72 (0.35)
16 Carvotanacetone 1258 17.59 80.14 (3.76)
17 Thymol 1299 18.77 0.08 (0.03)
18 Carvacrol 1309 19.045 0.06 (0.02)
19 trans-Jasmone 1397 21.555 0.20 (0.07)
20 cis-Jasmone 1405 21.775 0.70 (0.15)
21 2,5-dimethoxy-p-cymene 1428 22.366 0.17 (0.02)
Total identified

components
95.24

a Compounds listed on order of their RIs
b RI, retention index measured relative to n-alkanes using HP-5 ms
c RT, Retention time.

Table 2
Effects of Pulicaria undulata essential oil on rotenone-induced alterations in motor activity and coordination in the open field and rotarod tests.

Groups/Parameters Ambulation (No. of squares) Rearing (No.) Grooming (No.) Immobility time (sec) Falling time (sec)

Control 47.50 § 0.85 15.20 § 0.58 10.00 § 0.58 16.60 § 0.68 228.00 § 19.85
ROT 10.17 § 0.48a 4.80 § 0.37a 2.80 § 0.37a 75.80 § 2.80a 88.00 § 8.60a

ROT+PUEO (50 mg/kg) 17.60 § 1.50a 10.20 § 0.37 4.20 § 0.20a 68.33 § 2.11a 126.00 § 14.70a

ROT+PUEO (100 mg/kg) 40.88 § 0.44b 14.00 § 0.38b 9.00 § 0.37b 27.40 § 2.50a,b 185.00 § 10.55b

ROT+PUEO (200 mg/kg) 41.43 § 0.92b 15.00 § 0.45b 9.40 § 0.51b 23.60 § 1.57b 215.00 § 17.56b

Values are expressed as mean§S.E.M. of 8 rats per group.
a significantly different from control group at P< 0.05.
b significantly different from ROT group at P < 0.05 using One-Way ANOVA followed by Tukey-Kramer multiple comparisons test for immo-

bility and falling times, Kruskal-Wallis nonparametric One-Way ANOVA followed by Dunn's multiple comparisons test for ambulation, rearing
and grooming. PUEO=Pulicaria undulata essential oil, ROT= rotenone.

Fig. 1. Effect of PUEO on rotenone-induced alterations in body weight. Each bar with
vertical line represents the mean§S.E.M. of 8 rats per group; a significantly different
from control group at p < 0.05, b significantly different from ROT group at p < 0.05
using One-Way ANOVA followed by Tukey-Kramer multiple comparisons test. PUEO=-
Pulicaria undulata essential oil, ROT= rotenone.
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Quantitative and qualitative analytical results are shown in Table 1 in
order of their experimental retention indices and times. The major
constituents were carvotanacetone (80.14%) followed by chrysanthe-
none (6.06%), linalool (3.98%) and carvomenthol (1.7%), all belonging
to the oxygenated monoterpenoids group.

3.2. Ferric reducing antioxidant power assay (FRAP)

Tested PUEO and gallic acid showed FRAP values of 71.304 § 3.26
and 62.85 § 4.08 mM ferrous equivalents, respectively. Results
showed that the PUEO has higher FRAP value than gallic acid; signify-
ing more electron donating with higher antioxidant capacity as com-
pared with the standard (gallic acid).

3.3. Behavioral and body weight alterations

Rotenone produced a prominent worsening in coordination and
motor activity of rats (Table 2). This was manifested by a significant
decrease in ambulation (79%), rearing (68%), grooming (72%), and
falling time of rotarod (61%), along with a substantial rise in immobil-
ity time by 4.6-fold as compared with the control group. The adminis-
tration of PUEO (100 and 200 mg/kg) significantly increased
ambulation (4.0 and 4.1-fold), rearing (2.9 and 3.1-fold) and,
grooming (3.2 and-3.4 fold) as compared with the rotenone group.
Concurrently, PUEO administration (100 and 200 mg/kg) reduced the
immobility time by 64 and 69%, respectively, as compared with the
rotenone group and prolonged the falling latency in the rotarod test



Fig. 2. Effect of PUEO on rotenone-induced alterations in striatal dopamine content.
Each bar with vertical line represents the mean§S.E.M. of 8 rats per group; a signifi-
cantly different from control group at p < 0.05, b significantly different from ROT group
at p < 0.05 using One-Way ANOVA followed by Tukey-Kramer multiple comparisons
test. PUEO=Pulicaria undulata essential oil, ROT= rotenone.

M.Y. Issa et al. / South African Journal of Botany 132 (2020) 1�10 5
signifying enhanced motor coordination. On the other hand, the
essential oil treatment (100 and 200 mg/kg) attenuated body weight
loss as compared to rotenone-administered rats (Fig. 1).
3.4. Biochemical measurements

Administration of rotenone decreased striatal DA content by 63%
as compared to control group, Moreover; such an effect was corrobo-
rated by a significant decline in body weight in rotenone treated rats
from their control counterparts. These effects were found to be
arrested by PUEO administration, whereby at concentrations of 100
and 200 mg/kg, striatal DA content increased to 2 and 2.3-folds,
respectively (Fig. 2).

Rotenone significantly elevated striatal TNF-a and IL-1b levels to
3.9 and 4.8-folds, respectively compared to their control counterparts
(Fig. 3A and 3B). PUEO administration significantly reversed such an
increment at the studied dose levels of 50, 100 and 200 mg/kg. The
observed % levels for the three doses, 50, 100 and 200 mg/kg as com-
pared to rotenone-treated rats were 36.6, 48.7 and 66.4% for TNF-a
and 42.1, 47.0 and 59.2% for IL-1b, respectively. In addition, rotenone
repeated injection prominently up-regulated striatal iNOS protein
expression by 10.6-fold of the corresponding control group (Fig. 3C).
This effect was antagonized by PUEO (50, 100 and 200 mg/kg) to
almost 38.2, 44.7 and 68.9%, respectively, of the values of rotenone
treated rats.

Repeated subcutaneous injection of rotenone produced a signifi-
cant depletion in striatal ATP level by 88.9% compared to the control
group (Fig. 4). On the other hand, administration of PUEO (50, 100
and 200 mg/kg) improved striatal mitochondria, as revealed by
boosting striatal ATP by 3.7, 5.3 and 5.9-folds, respectively, above the
rotenone values. Such an event was accompanied by a surge in stria-
tal MDA (1.4-fold) along with a decline in striatal GSH content
(70.6%) in the rotenone-treated rats as compared to their control
counterparts (Table 3). However, PUEO administration (50, 100 and
200 mg/kg) showed a significant reduction in MDA level (10.9, 19.9
and 25.6%, respectively) and prevented the decline of GSH level (1.7,
3.0 and 3.3-folds, respectively) when compared to the rotenone
group.

Rotenone markedly upregulated the expression of a-synuclein at
the mRNA level by 12.4-fold (Fig. 5). Treatment with PUEO (50, 100
and 200 mg/kg) amended the alteration in a-synuclein mRNA
expression by 36.8, 58.5 and 75.4%, respectively, versus the rote-
none-treated counterparts.

3.5. Molecular docking study

Application of Molecular docking studies in medicinal chemistry
research is now established as one of the tools that might rationalize
the observed biological activity on molecular basis. In our recently
published article (Mohamed et al., 2018), the implication of molecu-
lar docking analysis for justification of the observed antibacterial as
well as DNA-gyrase inhibitory of newly designed series of triazolyl-
naphthyridinones was reported. Likewise, the observed neuroprotec-
tive effects of Pulicaria undulata essential oil in rotenone model
induced Parkinson’s like disease promote the investigation of the
possible ligand-target interactions of Carvotanacetone, the chief com-
ponent (80.14%), which is the possible target involved in this activity.
Induced Nitric oxide synthase (iNOS) (PDB Code: 1O76), co-crystal-
lized with Camphor has been selected as the target enzyme.

Analysis of camphor iNOS interaction (Fig. 6) revealed that cam-
phor binds to Tyr-96 in the active site of iNOS through H-bonding, in
addition to hydrophobic interactions with C-atom of camphor skele-
ton.

In the present investigation the proposed docking algorithm was
initially validated by redocking of camphor, the co-crystallized
ligand, to iNOS (PDB code: 1O76). Whereby, the ligand was removed
from the complex and then docked back into the binding site. Heavy-
atom root mean square deviation (RMSD) values between top-ranked
poses and the experimental crystal structure ranged from ~ 0.8779 to
1.0760 A

�
. Subsequently, docking procedures have been accomplished

for the investigated carvotanacetone. The study successfully identi-
fied binding poses with higher docking scores (-dG:Kcal/mol)
(Table 5), indicating that the studied compound could potentially
bind to the active site of iNOS. This is evidenced by the observed
docking scores (�24.59�19.77 kcal/mol) relative to that of the co-
crystallized ligand (�5.28 kcal/mol). Moreover, the studied com-
pound attains different orientations in the active site. Strong interac-
tion (pose #1) demonstrated as hydrogen bond acceptor with Leu
358 illustrating stable binding with docking score of �24.5928 kcal/
mol. Alternatively, in pose #2 the interaction shifted to Gln 322 with
a slightly lower docking score of �19.7729. The values indicate that
carvotanacetone exhibits higher affinity, ~ 4 � 5 times, for binding to
iNOs than the structurally related camphor.

The 3D and ligand interaction of carvotanacetone with iNOS was
illustrated (Fig. 7). It is noticeable that the studied compound could
attain binding orientation similar to that of the co-crystallized cam-
phor i.e. interaction with Tyr 96 (table 5, pose #16) but this is practi-
cally highly unstable due to enhanced energy of formation as evident
by its docking score value of 5.77420 kcal/mol. Finally, a comparative
evidence for the interaction of carvotanacetone with respect to the
co-crystallized ligand within the active site of the enzyme is depicted
by the overlay complexes illustrated in Fig. 8.

4. Discussion

The major identified compound in the investigated essential oil of
Pulicaria undulata was the oxygenated monoterpenoid carvotanace-
tone (80.14%), which is in agreement with the literature (Ali et al.,
2012; Boumaraf et al., 2016; EL-Kamali et al., 2009). Carvotanacetone
has been reported in Pulicaria species. The presence of high amounts
of carvotanacetone in the PUEO is very characteristic and is responsi-
ble for the pleasant odor (ALHAJJ et al., 2014; Ali et al., 1987, 2012).



Fig. 3. Effect of PUEO on rotenone-induced alterations in striatal TNF-a (A); IL-1b (B) and iNOS (C). Each bar with vertical line represents the mean§S.E.M. of 8 rats per group; a sig-
nificantly different from control group at p < 0.05, b significantly different from ROT group at p < 0.05 using One-Way ANOVA followed by Tukey-Kramer multiple comparisons
test. PUEO=Pulicaria undulata essential oil, ROT= rotenone.
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This compound may be beneficial in supplying protection against cel-
lular oxidative stress, and preventing ROS-induced damage that
accompanies several neurodegenerative diseases as for example Par-
kinson’s disease (Porres-Martinez et al., 2015).

Repeated rotenone exposure significantly impaired locomotor
activity in the open field test and reduced muscle coordination in the
rotarod apparatus along with a marked reduction in striatal DA level,
which agrees with previous studies (Abdelsalam and Safar, 2015;
Kandil et al., 2016). Earlier reports connected the decline in DA level
to reduced mobility and hence food consumption causing reduction
in body weight (Fitzsimmons et al., 2006). Furthermore, increased
brain TNF-a was reported to have an anorexogenic effect. Rotenone
administration increased levels of TNF-a and IL-1b in the brain stria-
tal tissues (Thakur and Nehru, 2014; Zhou et al., 2007). Herein,
enhancement of the rats’ motor performance, striatal DA and neuro-
nal death in cerebral cortex and substantia nigra by PUEO clearly
indicates the neuroprotective effect of the essential oil in the rote-
none model of PD. Interestingly, PUEO restored the rotenone-induced
elevation in TNF-a and IL-1b, emphasizing its anti-inflammatory
effect. It has been reported that pro-inflammatory cytokines promote
the production of iNOS from the activated microglia that further
potentiate the inflammatory cascade (Lee et al., 2009). Moreover,
rotenone administration lead to up-regulation of iNOS in rat brain
(Thakur and Nehru, 2014). In the present study, a remarkable
increase in iNOS expression following rotenone exposure was
observed. The observed anti-inflammatory activity of PUEO is further
supported by attenuation of iNOS expression. This effect has been
previously reported in a study demonstrating that sesquiterpenes
from P. undulata reduce iNOS protein levels in RAW macrophages
(Hegazy et al., 2012). Molecular docking study of carvotanacetone to
the active site of iNOS illustrates stronger binding than that of cam-
phor, the cocrystallized ligand. This result might rationalize the
observed normalization of the effect of over expressed iNOS follow-
ing rotenone exposure in rats.

Rotenone hinders mitochondrial complex-I and enhances oxida-
tive stress, which has a significant role in the pathogenesis of PD
(Sherer et al., 2007). Herein, rotenone exposure reduced the level of
striatal ATP along with significant elevation in MDA and decrease in
GSH content in the striatum suggesting mitochondrial dysfunction
and increased free radical production. PUEO treatment preserved



Fig. 4. Effects of PUEO on rotenone-induced alterations in striatal ATP level. Each bar
with vertical line represents the mean§S.E.M. of 8 rats per group; a significantly differ-
ent from control group at p < 0.05, b significantly different from ROT group at p < 0.05
using One-Way ANOVA followed by Tukey-Kramer multiple comparisons test. PUEO=-
Pulicaria undulata essential oil, ROT= rotenone.

Table 3
Effects of Pulicaria undulata essential oil on rotenone-induced alterations in stria-
tal oxidative stress.

Groups/Parameters MDA (nmol/mg protein) GSH (mg/mg protein)

Control 50.36 § 1.19 9.17 § 0.44
ROT 72.44 § 1.48a 2.70 § 0.15a

ROT+PUEO (50 mg/kg) 64.57 § 1.35a,b 4.52 § 0.29a,b

ROT+PUEO (100 mg/kg) 58.00 § 2.13a,b 8.17 § 0.17b

ROT+PUEO (200 mg/kg) 53.90 § 1.71b 9.00 § 0.29b

Values are expressed as mean § S.E.M. of 8 rats per group.
a significantly different from control group at P < 0.05.
b significantly different from ROT group at P< 0.05 using One-Way ANOVA fol-

lowed by Tukey-Kramer multiple comparisons test. PUEO=Pulicaria undulata
essential oil, ROT= rotenone.

Fig. 5. Effect of PUEO on rotenone-induced alterations in striatal mRNA expression of
a-synuclein. Each bar with vertical line represents the mean§S.E.M. of 8 rats per
group; a significantly different from control group at p < 0.05, b significantly different
from ROT group at p < 0.05 using One-Way ANOVA followed by Tukey-Kramer multi-
ple comparisons test. PUEO=Pulicaria undulata essential oil, ROT= rotenone.

Fig. 6. Surface map of camphor (green) co-crystallized with inducible Nitric Oxide synthase
the references to colour in this figure legend, the reader is referred to the web version of this
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mitochondrial ATP level and counteracted rotenone-induced ele-
vated ROS selectively in the striatal tissue. These findings suggest the
antioxidant properties of PUEO which may contribute to its ability as
a potential neuroprotective agent. In accordance, the antioxidant
activity of P. undulata extract has been previously reported (Ravan-
deh et al., 2011). Oxygenated monoterpenoids, such as carvotanace-
tone, present in PUEO may contribute to its strong antioxidant
activity (Cabrera and Prieto, 2010).

One of the characteristic pathological hallmarks of PD is the occur-
rence of intracellular protein aggregates known as LBs (Ferrer, 2009).
a-Synuclein comprises the major fraction of LBs (Cookson and van
der Brug, 2008). Treatment with rotenone is known to induce several
modifications in the a-synuclein protein (Mirzaei et al., 2006)
(1O76) (right); and the corresponding interaction diagram (left). (For interpretation of
article.)



Table 5
Docking Scores & interaction modes of camphor and carvotanacetone.

Compound Scores (Pose #) Interaction Distance (A
�
) E(kcal/ mol)

Camphor �5.28351498 Arg 299 (B) H-acceptor
Gln 322 (B) H-acceptor

3.40
3.12

�2.3
�1.0

R-(-)-Carvotanacetone �24.5928 (1)
�19.7729 (2)
5.77420 (16)

Leu 358 (B) H-acceptor
Gln 322(B) H-acceptor
Tyr 96 (B) H-acceptor

3.15
3.16
3.30

�2.7
�0.7
�0.7

Fig. 7. 3D & ligand interaction diagram of carvotanacetone in the active site of iNOS.
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involving up-regulation of its expression (Betarbet et al., 2000). This
causes a-synuclein protein to misfold and subsequently form aggre-
gates possibly resulting from oxidative stress (Thomas and Beal,
2011). Modifications of a-synuclein due to oxidative stress and its
subsequent aggregation also may initiate neuroinflammation (Zhang
et al., 2005). Overexpression of iNOS was linked to nitration and
aggregation of a-synuclein (Stone et al., 2012). Concomitantly, an
increased gene expression of a-synuclein was observed in rotenone
Fig. 8. Overlay of cavotanacetone (blue); camphor (green) and heme (red) in the active
site of iNOS. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
administered group, which was attenuated after PUEO treatment.
The obvious potential of P. undulata extract in preventing aggregation
and deposition of protein was demonstrated (Ghahghaei et al., 2014).

Molecular docking within this study is anticipated to explore the
possible ligand-target interactions that might rationalize the
observed neuroprotective effects of PUEO in rotenone model induced
Parkinson’s like disease. This is based on reports which evidently
demonstrate that iNOS and nitric oxide (NO) are linked to neuroin-
flammatory responses in neurodegenerative disorders including PD
(Broom et al., 2011). Nitric oxide contributes to nitration of tyrosine
residues of a-synuclein and promotes its aggregation (Benner et al.,
2008). Up-regulation of iNOS produces large quantities of NO upon
stimulation, such as by proinflammatory cytokines (e.g. Interleukin-
1, Tumor necrosis factor alpha and Interferon gamma) (Green et al.,
1994). Induction of the high-output iNOS usually occurs in an oxida-
tive environment, and thus high levels of NO have the opportunity to
react with superoxide leading to peroxynitrite formation and cell tox-
icity. Structural analysis of iNOS revealed that it functions as a homo-
dimer during activation with a carboxyl-terminal reductase domain
homologous to the cytochrome P450 reductase, in addition to an
amino-terminal oxygenase domain containing a heme prosthetic
group, which is linked in the middle of the protein to acalmodulin-
binding domain (Green et al., 1994). Moreover, molecular docking
study of carvotanacetone the major identified compound of PUEO,
might rationalize the observed normalization of the elevated iNOS
level induced after exposure to rotenone.

5. Conclusion

The findings of the current examination provide a proof for the
neuroprotective outcome of PUEO against rotenone-induced neuro-
toxicity mediated through its anti-inflammatory and anti-oxidant
activities. Pulicaria undulata essential oil induced suppression of neu-
roinflammation observed in the present study can be mediated by
various mechanisms. Firstly, PUEO down regulated iNOS expression,
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which reduces the cycle of neuroinflammation. Further, it reduced
gene expression of a-synuclein via its chaperone potential, which
reduces the stimulus for the glial cell activation. Further studies are
recommended to confirm that PUEO has a promise as a drug to treat
PD.
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