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ABSTRACT

Parkinson’s disease is the most important neuromotor pathology due to the prominent loss of dopaminergic
neurons in the substantia nigra pars compacta. There is an inherent deficiency of dopamine in Parkinson’s disease,
which is aggravated when neuroinflammatory processes are present. Several biomolecules are interesting can-
didates for the regulation of inflammation and possible neuroprotection, such as valerenic acid, one of the main
components of Valeriana officinalis. A 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP)-in-
duced mouse model of Parkinson's disease was developed to evaluate the motor effects of valerenic acid. The
evaluation was carried out with four tests (an invert screen test for muscle strength, cross beam test, open field
mobility test and lifting on hind legs test). Subsequently, the neuroinflammatory process was evaluated through
ELISA of pro-inflammatory cytokines (IL-1B3, IL-6, TNF-a and IFN-y). The decreases in the inflammatory and
neurodegenerative processes were evaluated by Western blot and immunohistochemistry analyses of the tissues,
which included an evaluation of the tyrosine hydroxylase and GFAP proteins. Finally, the predicted mechanism
of action of valerenic acid was supported by molecular docking calculations with the 5-HTs, receptor. The
results indicate that the use of valerenic acid as a co-treatment decreases the neuroinflammation in Parkinson's
disease induced by MPTP and provides evidence of a decrease in the evaluated pro-inflammatory cytokines and
in the amount of GFAP in the mesencephalic area. Valerenic acid prevents neuroinflammation in a Parkinson's
disease mouse model, which might reflect the neuroprotection of dopaminergic neurons with the recovery of
motor ability.

Introduction

part of PD development, and microglia play a role in the degradation of
a-synuclein and neuronal debris by phagocytosis, which is neuropro-

Parkinson’s disease (PD) is the second-most frequent neurodegen-
erative disorder after Alzheimer’s disease. PD is the main neuromotor
pathology that develops due to the prominent loss of dopaminergic
neurons in substantia nigra pars compacta, which causes dopamine de-
ficiency (Poewe et al., 2017; Ray Dorsey et al., 2018). The molecular
mechanisms of the pathogenesis of PD are diverse, resulting in subtypes
of the disease, and they include proteinopathy related to a-synuclein
(misfolding and aggregation contributing to Lewy bodies and neurites),
oxidative stress, mitochondrial dysfunction and neuroinflammation,
which feeds neurotoxic processes (Tansey and Goldberg, 2011; Ganguly
et al., 2017; Goswami et al., 2017). Neuroinflammation is an important

tective in balanced activation. The initial activities of pro- and anti-
inflammatory factors, which include cytokines, chemokines, and re-
active oxygen and nitrogen species, trigger the neuron repair processes,
and the early inflammatory process might be beneficial to the neuro-
degenerative process, including the activation of M2 microglia, which
allows suitable control of the elimination of cell debris and a-synuclein
protein aggregates. However, the constant presence of a-synuclein
protein aggregates leads to a prolonged and unregulated activation of
the inflammatory process, with a large amount of cytokines and re-
active oxygen species that will trigger more neuronal apoptosis, con-
tributing negatively to the neurodegenerative process of the disease
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(Phani et al., 2012; Moehle and West, 2015; Wang et al., 2015;
Goswami et al., 2017).

The Valeriana officinalis rhizomes used in traditional medicine for
anxiety, sleep disorders and anticonvulsant treatment also have re-
ported anti-inflammatory effects. One of the main components of V.
officinalis essential oil is valerenic acid and it might be responsible for
some of the biological properties of V. officinalis (Villar del Fresno and
Accame, 2001; Hadley and Petry, 2003). A neuroprotective effect has
been shown for valerenic acid in pathologies such as Alzheimer's dis-
ease (Malva et al., 2004) and cerebral ischaemia (Yoo et al., 2015). A
cytoprotective in vitro effect was observed using SH-SY5Y neuro-
blastoma cells as a rotenone-induced PD model (De Oliveria et al.,
2009). In another model of rotenone-induced PD in Drosophila mela-
nogaster, treatment with valerenic acid decreased the effect of rotenone
on PD induction, restoring superoxide dismutase and catalase mRNA
levels, increasing the expression of the tyrosine hydroxylase (TH) gene,
and increasing the ability to fly (Sudati et al., 2013). Moreover, an anti-
inflammatory effect has been attributed to valerenic acid due to its
ability to inhibit the NF-xB pathway, which is a promising mechanism
for the control of the neuroinflammatory process. Valerenic acid de-
creased the effect on the NF-xB pathway and the neurodegenerative
process through Nrf2 (Jacobo-Herrera et al., 2006; Yamazaki et al.,
2015) and modulation of immune cell proliferation (Rodriguez-Cruz
et al.,, 2015). According to these data, the aim of this work was to
evaluate the effect of valerenic acid on the neuroinflammatory process
in a MPTP-induced mouse model of Parkinson’s disease.

Materials and methods
Chemicals

The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hy-
drochloride (MPTP) and valerenic acid (V.A.) were purchased from
Sigma Aldrich, St Louis, USA. IL-1f, IL-6, TNF-a and IFN-y mini ABTS
ELISA development kits (Cat#: 900-M47, 900-M50, 900-M54 and 900-
M98, respectively) were purchased from PeproTech®, Rocky Hill, NJ,
USA.

Animals and drug treatment

Thirty-two male C57BL/6 J mice and forty male CD-1 mice (body
weight 25-30 g and 8 to 10 months old) were purchased from the
Institute of Neurobiology, UNAM at Juriquilla, Querétaro, México. The
animals were housed at the Animal Department in the School of
Chemistry of the Autonomous University of Querétaro (UAQ), México;
under a 12 h light/ 12 h dark cycle at 25 °C with water and food given
ad libitum. The animals used in this study were kept in accordance with
the bioethics protocols of UAQ, and the official regulation, NOM-062-
7Z00-1999. The study was approved by the Bioethical Committee of the
School of Natural Sciences, UAQ (58FCN2016). Four groups per strain
of mice were used (minimumapproved for strain) with each group
containing eight (n = 8) C57BL/6 J mice or ten (n = 10) CD-1 mice.
The control group (1) received saline i.p. once a day for seven con-
secutive days; the MPTP group (2) received MPTP (30 mg/kg body
weight, i.p) once a day for seven consecutive days and served as the PD
model, the V.A. + MPTP group (3) PD model was treated with va-
lerenic acid (2 mg/kg body weight, i.p) and subsequently administered
MPTP once a day for seven consecutive days, and the V.A. control group
(4) was treated with only valerenic acid (2 mg/kg body weight, i.p)
once a day for seven consecutive days. Motor function was evaluated by
multiple paradigms, including the beam walking test, the invert screen
test for muscle strength and the open field test.
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Motor function tests
Invert screen test for muscle stregth

The invert screen test for muscle strength was a modified version of
Kondziela's test (Deacon, 2013). Briefly, an inverted screen was built
that consisted of a 40 x40 cm square of wire mesh composed of
12.5 mm squares of wire with a diameter of 1 mm. The screen was
surrounded by 4-cm deep wooden supports, which prevented the mouse
from occasionally attempting to climb to the other side. The procedure
was as follows. The mouse was placed in the centre of the screen, the
timer was initiated and the screen was immediately rotated to an in-
verted position with the mouse head facing downwards. The screen was
kept at a constant 40-50 cm above a cushioned surface. The time before
falling was registered as the time of permanence, with a maximum of
two minutes, and scored by the following: falling between 1-10s = 1,
falling between 11-25s = 2, falling between 26-60 s = 3, falling be-
tween 61-90 s = 4, and falling after 90 s = 5.

Beam walking test

The beam walking test was performed on 3 consecutive days to
habituate the mice, and then the i.p injections were given to the animals
and the test was performed after treatment. This test evaluated the
animals” motor coordination and balance (Brooks and Dunnett, 2009).
The apparatus consisted of a 1-m long, 20-mm thick, 20-cm wide
wooden beam with a 15-degree slope that was 75 cm high above the
ground. The apparatus was formed by two pedestals: the exit platform
was at the first pedestal, and the mouse’s home cage was at the second
pedestal. These pedestals were attached by the previously described
wooden beam. The animals must reach their home from the lowest part
of the apparatus, and the total time that the animals were on the beam
line and the occasions of imbalance were recorded.

Open field test

The open field test provides a systematic assessment of environ-
mental exploration and locomotor activity in general. The open field
apparatus was a 60 x 60 cm wood cube with walls 30 cm high. The field
was divided into grid zones of equal size, 15 x 15 cm, by lines drawn on
the ground. The 4 central quadrants had a total size of 30 x 30 cm,
which was the basal zone, and the exploratory zone was external to the
quadrants. For the procedure, the mice were placed one by one in the
apparatus at the centre of the field. External movements or noise during
the test were avoided to prevent them from affecting the session. The
activity time in the exploration quadrants and each time there was a
crossing into the exploratory area was counted for a maximum time of
5 min. At the end, the sum of the exploration time was calculated. In
addition, the number of times the mouse stood on its hind legs without
support from the walls was counted as the animal’s motive force.

Cytokine quantification by ELISA

After the motor function tests, the mice were sacrificed by in-
traperitoneal administration of sodium pentobarbital. The brains of
four mice from each group were dissected and stored at -80 °C for
ELISA. Subsequently, the quantification of the pro-inflammatory cyto-
kines IL-1f, IL-6, TNF-a and IFN-y was carried out according to the
manufacturer instructions.

Immunofluorescence

For immunofluorescence, 24 h after the motor tests, the mice were
intraperitoneally anaesthetized with sodium pentobarbital (40 mg/kg)
and perfused with 4% paraformaldehyde in phosphate buffered solu-
tion (PBS). The brains were removed from the skull and post-fixed in
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4% paraformaldehyde in PBS for 16 h at 4 °C. Subsequently, the brains
were washed with PBS and placed overnight in a solution of 30% su-
crose in PBS for cryoprotection. Sections were collected from the me-
sencephalon and mounted in aluminium foil boxes with tissue freezer
medium® (Leica, United Kingdom) and frozen at —70 °C until use. The
tissue sections were cut on a cryostat (Leica) in 15-um-thick coronal
sections. Sections were incubated with primary antibodies overnight at
4 °C: anti-tyrosine hydroxylase antibody (Millipore AB152, 1:1000) and
anti-glial fibrillary acidic protein (GFAP) antibody (Millipore MAB360,
1:500). Alexa Flour® 568-conjugated donkey anti-rabbit IgG (Invitrogen
A-10042, 1:1500) and CF™ 488-conjugated goat anti-mouse IgG (Sigma
SAB4600238, 1:1500) were the secondary antibodies used with the
sections incubated for 2 h at room temperature at 4 °C. Images were
acquired on a Zeiss LSM-700 confocal microscope.

Western blot

After obtaining the brains, the midbrain section was dissected and
homogenized in a buffer solution (50 mM of Tris—HCI, pH: 9.0-9.5)
containing a protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN). The homogenates were frozen at -70 °C until use. The
protein content was determined by the Coomassie Blue test (Bradford).
SDS-PAGE was carried out with 150 pg of protein for each sample to-
gether with pre-stained molecular weight standards (Bio-Rad, USA)
using a 12% gel with a 4% concentrating gel. To complete the electro-
transference, the nitrocellulose membranes (Amersham, GE, Germany)
were blocked with blotting grade blocker non-fat dry milk (Bio-Rad,
USA) in phosphate buffer solution for 2 h. The membranes were then
incubated overnight at 4 °C with primary antibodies: anti-tyrosine hy-
droxylase antibody rabbit (Millipore AB152, 1:1000), anti-glial fi-
brillary acidic protein (GFAP) antibody mouse (Millipore MAB360,
1:1500), or anti-actin protein antibody goat (Santa Cruz Biotechnology,
1:1000). The membranes were washed and incubated with horseradish
peroxidase-conjugated secondary antibodies (anti-mouse 1:750 and
anti-rabbit 1:500, Life Technologies; anti-goat 1:500, Invitrogen) for 2 h
at room temperature and developed with chemiluminescence prepared
for group work. Densitometry analyses were performed using Quantity
One Bio-Rad software.

Cross beam test

MPTP V.A.+MPTP V.A.
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Fig. 1. Motor function test. A. Invert
screen test for muscle strength. B. Cross
beam test. C. Open field (mobility). D.
Lifting on hind legs. The different let-
ters on the bars (mean+ /-SEM) re-
present significant differences between
a the groups at p < 0.05 using two-way
ANOVAs with Bonferroni post-hoc cor-
rection (C57BL/6 J: lowercase letters;
CD-1: capital letters) and Sidak-
Bonferroni post-hoc correction (be-
tween strains, *).
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Molecular docking of valerenic acid with the 5HTs, receptor

The molecular docking of valerenic acid with the 5-HTs, receptor
was performed to suggest a possible mechanism of action that could
explain some of the effects in a MPTP-PD model. Since the three-di-
mensional structure has not been experimentally resolved, the cano-
nical sequence of the Mus musculus 5-HTs, receptor (UniProt P30966)
was used to model protein with the GPCR-I-TASSER-webserver (Roy
et al., 2010; Yang and Zhang, 2015; Zhang et al., 2017) using the best
model predicted by the server for further calculations. The 3D struc-
tures of the ligands, such as serotonin, lysergic acid diethylamide (LSD)
and valerenic acid, were obtained from Pubchem (CID numbers: 5202,
5761 and 6440940) (National Center for Biotechnology Information,
2019a, 2019b, 2019c). Subsequently, the torsional root and branches of
the ligands and the Gasteiger partial charges were assigned using
MGLTools 1.5.6 (M.F. Sanner, 1999; Morris et al., 2009), allowing
flexibility for all rotatable bonds except the amide bond.

Docking calculations were performed using AutoDock 4.2.6 (Morris
et al., 2009) using a search grid box of X:76.185, Y:80.375 and Z:81.624
with a grid spacing of 0.375 A centred in the transmembrane domain of
the receptor. The Lamarckian genetic algorithm was used as a search
method for a total of 25 runs with a maximal number of 5,000,000
energy evaluations with 150 conformers as the initial population. The
best binding mode for each conformation was analysed using Maestro
2019-1 (Schrodinger, LLC) (Schodinger, 2019).

Data analysis

The statistical analysis was conducted using software Prisma 6. The
results are presented as the mean +/- SEM. Two-way ANOVAs with
Bonferroni post-hoc correction were used to compare all groups of the
same strain, and multiple t tests with Sidak-Bonferroni post-hoc cor-
rection were used to compare both strains of the PD mouse models.
Western blot data were analysed with ANOVAs followed by Tukey-
Kramer post-hoc tests. A p-value of less than 0.05 was considered sig-
nificant.
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Results
Motor function tests

According to the motor tests performed (invert screen test for
muscle strength, cross beam test, open field mobility and lifting on hind
legs), the control groups for the two strains of mice presented an ade-
quate implementation (Nagarajan et al., 2015), and the valerenic acid
group did not show any motor effects compared with the control group.
This pattern was observed in all motor tests performed (Fig. 1). On the
other hand, the PD group (MPTP) had lower scores on the invert screen
test for muscle strength, but the MPTP group with valerenic acid
treatment (V.A. + MPTP) had increased evaluation time (the evaluated
time adjustment score according to Deacon, 2013). The motor beha-
viours of the different groups are presented for both strains (Fig. 1A). In
addition, treatment with valerenic acid, used in the V.A. + MPTP
group, produced a significant decrease in the time spent crossing in the
walking test on the beam compared to the MPTP group. This pattern
was present in both mouse strains (Fig. 1B). Alternatively, in the open
field test, the same pattern was shown with improved balance and
mobility in the V.A. + MPTP group, compared to the group with Par-
kinson's disease (MPTP). There was increased mobility time in both
strains to behaviour similar to the control group (Fig. 1C). Finally, there
was a significant increase in the number of hind leg lifts in the V.A.
+ MPTP group compared with the PD group, which resulted in an
improvement in the motor force with valerenic acid treatment, with
similar findings for both mouse strains (Fig. 1D).

Cytokines quantification by ELISA

After analysing the concentration of pro-inflammatory cytokines in
the mouse midbrains, an increase in all cytokines (IL-1p, IL-6, TNF-a
and IFN-y) was observed in the MPTP group compared to the control
group for both strains. There was a decrease in cytokines in the V.A.
+ MPTP group while the V.A. group did not change compared to the
control group (Fig. 2). The only difference between the strains in the
control groups was in IFN-y (Fig. 2D).

Immunofluorescence and western blot
According to the immunofluorescence and western blot data, the

positive tyrosine hydroxylase protein (TH) in the mesencephalon
(ventral tegmental area, parabrachial pigmented area) was significantly
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decreased in the MPTP group (Figs. 3 and 4A). In the V.A. + MPTP
group, the data showed an increase in TH labelling, which was con-
firmed with western blot analyses. The expression of GFAP in the me-
sencephalon was increased in the MPTP group and decreased in the
V.A. + MPTP group according to the immunofluorescence images and
the Western blot densitometry analyses (Figs. 3 and 4B), with a similar
pattern seen in both mouse strains.

Molecular docking of valerenic acid with the 5HTs, receptor

Molecular docking of valerenic acid with other proteins has been
examined, but the suggested interaction with serotonin receptor 5-HTsx
has not been reported (Luger et al., 2015; Santos et al., 2016). Ac-
cording to the docking calculations, the main interaction of serotonin
with the 5-HTs, receptor occurs at Tyr338 by a m-rt interaction with the
aromatic ring of serotonin, a hydrogen bond with a hydroxyl group and
close contact with residues 70-79 and 338-345; the linear interaction
energy obtained was -4.05 Kcal/mol. For LSD, the main interaction
occurs by a si-it interaction of the aromatic rings with Phe341 and close
contact with residues 70-79 and 338-345; the linear interaction energy
obtained was -6.98 Kcal/mol. Finally, valerenic acid had its main in-
teraction with a hydrogen bond between Phe71 and the carboxylic acid
of the ligand and close contact with residues 61-65, 71-79 and
338-345; the linear interaction energy obtained was -8.25 Kcal/mol
(Fig. 5). These results revealed that the site and the interactions of
valerenic acid were similar to those of serotonin and LSD, which are
agonists of the 5-HTs, receptor, suggesting that valerenic acid could
also be an agonist. These data were consistent with previously reported
experimental data (Dietz et al., 2005).

Discussion

The results indicated consistency with the MPTP model of PD re-
ported in the literature by showing a decrease in motor capacity in
C57BL/6 J and CD-1 mice. The C57BL/6 J mice were more sensitive to
the neurotoxin, resulting in greater motor deficits compared to the CD-1
strain. This observation is to be expected, because, according to
Muthane et al. (1994) and Vidyadhara et al. (2017), C57BL/6 J mice,
show greater dopaminergic MPTP-neurodegeneration compared to CD-
1 mice. Therefore, the results presented in the motor tests (Fig. 1)
correlate well with the physiological studies by these authors (Muthane
et al., 1994; Vidyadhara et al., 2017). Moreover, the use of the two
strains in this study allowed us to observe the responses in the genetic

IL-6

Fig. 2. Cytokine quantification. (A) IL-
1-. (B) IL-6. (C) TNF-a. (D) IFN-y. The
different letters on the bars (mean
+/-SEM) represent significant differ-
ences between the groups at p < 0.05
using  two-way  ANOVAs  with
Bonferroni post-hoc correction (C57BL/
6 J: lowercase letters; CD-1: capital
letters) and Sidak-Bonferroni post-hoc
correction (between strains, *).
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Fig. 3. Expression of Tyrosine Hydroxylase (TH+) and Glial Fibrillary Acidic Protein (GFAP) in the mesencephalon (ventral tegmental area. The figure shows
representative images of the two strains (C57BL/6 J and CD-1). MPTP administration to the mice caused the decrease in immunofluorescence of the brain sections,
while valerenic acid treatment of MPTP treated mice had similar labelling pattern compared the control group. Scale bar 100 pm.
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Fig. 4. Western blot quantification of
the expression of TH and GFAP proteins
in the midbrain. A. Representative im-
munoblots showing the expression of
TH and GFAP proteins in the midbrain.
B. Quantitative analysis of TH expres-
sion. C. Quantitative analysis of GFAP
expression. A.0.D.U: arbitrary optical
density units. The different letters on
the bars (mean+ /-SEM) represent sig-
nificant differences between the groups
at p < 0.05 using two-way ANOVAs
with Tukey-Kramer post-hoc correction
(C57BL/6 J: lowercase letters; CD-1:
capital letters) and Sidak-Bonferroni
post-hoc correction (between strains, *).
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diversity of CD-1 mice (particularly important in pharmacological stu-
dies), without detracting from the specific responses for behavioural
testing and immunological studies developed with C57BL/6 J mice
(Hsieh et al., 2017).

The neuroinflammatory process is a mechanism that plays a very
important role in PD. The NF-kB pathway is triggered after microglial
cell activation (IFN-y), with increases in the neurotoxicity of dopami-
nergic neurons due to the secretion of pro-inflammatory cytokines, such
as TNF-a, IL-1f3 and IL-6 (Arcuri et al., 2017; Sominsky et al., 2018).
Increased activity of NF-xB has been observed in dopaminergic neurons
in PD (Hunot et al., 1997), and several studies showed that modulation/
inhibition of the NF-xB pathway could be a target for controlling PD
(Boireau et al., 1997; Ghosh et al., 2007; Flood et al., 2011). In this
work, the MPTP group showed an increase in pro-inflammatory cyto-
kines levels (IL-1B, IL-6, TNF-a and IFN-y) in the midbrain compared to
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Fig. 6. Proposed mechanism of action of va-
lerenic acid regulating inflammatory processes
in a Parkinson’s disease mouse model (created
with BioRender.com). Valerenic acid binding
to 5-HTs, receptors might activate one of the
mechanisms to modulate neuroinflammation
processes, inhibiting the cAMP dependent
pathway and/or NF-xB pathway, preventing
accumulation of pro-inflammatory cytokines
and gliosis.

Moehle and West, 2015
Wang et al, 2015

the control group (Fig. 2), which is consistent in aging mice, as ob-
served by Kabel et al., 2018 and Yao and Zhao, 2018. When valerenic
acid was used in both mouse strains (C57BL/6 J and CD-1), the con-
centrations of all evaluated pro-inflammatory cytokines decreased sig-
nificantly compared to those in the MPTP group. This observation in-
dicates control of inflammation in PD, which is probably related to the
inhibition of the NF-xB pathway since valerenic acid has been reported
to be an inhibitor of the pathway (Jacobo-Herrera et al., 2006). The
decrease in pro-inflammatory cytokines evaluated in both strains of
mice was closely related to the decrease in the neuroinflammatory
processes, which are considered an important measure of neuropro-
tection in PD (Gelders et al., 2018).

The neuroprotective effect of valerenic acid was observed by a
lower decrease in the amount of tyrosine hydroxylase, a key protein
present in dopaminergic neurons. This beneficial effect could be due to
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the modulation of neuroinflammatory processes because a decrease in
the amount of GFAP, a protein present in the structure of astrocytes,
was observed (Figs. 3 and 4) for both strains (C57BL/6 J and CD-1). The
studies carried out by the molecular docking calculations showed that
valerenic acid could bind to the 5-HTs, receptor as an agonist. This
interaction is due to its similarity in binding residues to those of ser-
otonin and LSD calculations (ligands agonists of the 5-HTs, receptor)
(Fig. 5). These findings confirm the experimental studies of a valerenic
acid agonist association presented by Dietz et al., 2005. The 5-HTsp
receptors are highly expressed in astrocytes, inhibiting cAMP accumu-
lation and suppressing the reactivity of astrocytes. This modulation of
glial cells and astrocytes can be tracked to the agonistic binding of
valerenic acid to the 5-HTs, serotonergic receptors (Carson et al.,
1996). In the same way that 5-HT; 5 serotonergic receptors in astrocytes
have been proposed for treatment of Parkinson's disease, the binding of
valerenic acid to 5-HTsa receptors could be part of the mechanism
(Fig. 6) of the modulation of the neuroinflammatory processes through
astrocytes, coupled with the inhibition of NF-kB, which would have a
neuroprotective effect (Miyazaki and Asanuma, 2016).

Conclusion

This work presents evidence of valerenic acid’s (the main compo-
nent of the essential oil from V. officinalis) regulation of neuroin-
flammatory processes in MPTP-induced Parkinson's disease. This re-
duced neuroinflammation may be achieved through inhibition of NF-xB
and activation of the 5-HTs, receptor by its agonist valerenic acid in
astrocytes. Valerenic acid is a potent candidate for pretreatment to
reduce the incidence and progression of Parkinson's disease.
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