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Oxidative stress and neuroinflammation play a key role in dopaminergic (DA) neuronal
degeneration, which results in the hindrance of normal ongoing biological processes in
the case of Parkinson’s disease. As shown in several studies, on 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) administration, different behavioral parameters have
suggested motor impairment and damage of antioxidant defence. Thus, some specific
biological molecules found in medicinal plants can be used to inhibit the DA
neuronal degeneration through their antioxidant and anti-inflammatory activities. With
this objective, we studied chlorogenic acid (CGA), a naturally occurring polyphenolic
compound, for its antioxidant and anti-inflammatory properties in MPTP-intoxicated
mice. We observed significant reoccurrence of motor coordination and antioxidant
defence on CGA supplementation, which has been in contrast with MPTP-injected
mice. Moreover, in the case of CGA-treated mice, the enhanced expression of tyrosine
hydroxylase (TH) within the nigrostriatal region has supported its beneficial effect. The
activation of glial cells and oxidative stress levels were also estimated using inducible
nitric oxide synthase (iNOS) and glial fibrillary acidic protein (GFAP) immunoreactivity
within substantia nigra (SN) and striatum of MPTP-injected mice. Administration of
CGA has prevented the neuroinflammation in SN by regulating the nuclear factor-
κB expression in the MPTP-induced group. The significant release of certain pro-
inflammatory mediators such as tumor necrosis factor-α and interleukin (IL)-1β has also
been inhibited by CGA with the enhanced expression of anti-inflammatory cytokine
IL-10. Moreover, reduced GFAP staining within the nigrostriatal region has supported
the fact that CGA has significantly helped in the attenuation of astrocyte activation.
Hence, our study has shown that CGA supplementation shows its therapeutic ability by
reducing the oxidative stress and neuroinflammation in MPTP-intoxicated mice.

Keywords: chlorogenic acid, Parkinson’s disease, oxidative stress, neuroinflammation, dopaminergic neuron,
substantia nigra

INTRODUCTION

The second most commonly occurring neurodegenerative disorder, that is Parkinson’s disease
(PD), is commonly found in elderly people of age 65 or older (Poewe et al., 2017). The
number of patients with PD is increasing rapidly and is expected to double between 2005
and 2030 as the population grows older (Meireles and Massano, 2012). Degeneration of the
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dopamine-synthesizing neurons to an extent of about 50%–70%
(Poewe, 2008) within substantia nigra pars compacta (SNpc) is
the characteristic symptom of PD leading to motor impairments
such as bradykinesia, postural instability, rigidity, and tremor
at rest (Obeso, 2010). Although the exact pathobiology of the
disease is not fully known, certain studies have shown that the
major contributing factors in the PD progression are reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
production, mitochondrial damage, inflammation, ubiquitin–
proteasome system impairment, and accumulation of abnormally
folded proteins (α-synuclein) (Gandhi and Wood, 2005).
Consequently, pathways and cascading involved in the oxidative
stress and inflammatory processes can be further investigated to
be targeted therapeutically to stop the PD progression (Schapira
et al., 2014). With regard to the role of inflammation in PD,
it might worsen with age due to genetic aberrations, and some
sporadic factors causing immune alteration lead to glial activation
resulting from the neuronal injury. Several studies have proposed
the role of inflammation in the progression of dopaminergic
(DA) neuronal loss (Kanaan et al., 2010). The neuronal loss is
promoted when the central inflammatory response is induced
with the active peripheral inflammation in PD (Liu and Bing,
2011).

Astrogliosis and microgliosis are the two important
characteristics involved in the pathobiogenesis of PD, resulting
from the nonspecific neurodegeneration in the SNpc of
patients with PD (Hirsch et al., 2003). Gliosis can be induced
by different environmental and biological toxins such as
lipopolysaccharides, rotenone, or MPTP, further leading to
mitochondrial degeneration, death of DA neurons, and nuclear
fragmentation in cellular and animal models (Langston et al.,
1999; Herrera et al., 2000; Samantaray et al., 2007; Niranjan et al.,
2010; de Oliveira et al., 2011). Glial cell activation contributes
to the PD pathophysiology by releasing pro-inflammatory
cytokines and neurotoxic factors, such as interleukin (IL)-
1β, tumor necrosis factor-α (TNF-α), and RNS (e.g., nitric
oxide [NO]), leading to the PD progression and triggering
neurodegeneration (Block et al., 2007; Rappold and Tieu, 2010).
However, some anti-inflammatory cytokines such as IL-10
help in rescuing the cells from damage during inflammation.
IL-10 functions by inhibiting the inflammation due to its
ability to decrease the inflammatory cytokine production.
Moreover, different studies have shown the beneficial effects
of IL-10 in various neuro-inflammatory diseases such as PD,
stroke, and traumatic or excitotoxic spinal cord injury (Bethea
et al., 1999; Brewer et al., 1999; Cua et al., 2001; Frenkel
et al., 2005; Qian et al., 2006). Mitogen-activated protein
kinase (MAPK) family, classified in major components: p38
MAPK, extracellular signal-regulated kinases (Erks), c-Jun
N-terminal kinase (JNK) and nuclear factor-κB (NF-κB), are
considered as the important signaling pathways responsible
for activation of glial cells mediated through the release of
pro-inflammatory cytokines (Lan et al., 2011; Qian et al.,
2015). Therefore, blocking NF-κB and MAPK signaling
pathways inhibit inflammatory processes, which can be used
as therapeutic targets for preventing the neuronal damage
in PD.

Various models of PD such as rotenone, 6-hydroxydopamine
(6-OHDA), and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) have shown an increased number of activated microglia
in SN of brain (Kitamura et al., 1994; Kurkowska-Jastrzebska
et al., 1999). MPTP has been used to induce acute model of
sporadic PD in mice and non-human primates and acts as a
neurotoxin that selectively destroys DA neurons in SN, causing
severe PD symptoms in humans (Langston et al., 1983).

Chlorogenic acid (CGA), a commonly occurring polyphenolic
compound in various plants, is found particularly in green coffee
beans containing about 5–12% of CGA by weight (Farah and
Donangelo, 2006; Farah et al., 2008). CGA is an ester of trans-
cinnamic acids (including caffeic acid, ferulic acid, p-coumaric
acid) and quinic acid (Figure 1). It is commonly consumed
by people and is found in different beverages and food items.
It is mainly found in fruits such as apples, apricots, cherries,
plums, and tomatoes and in vegetables such as potatoes. Wine,
coffee, and tea are the most common beverages rich in CGA
(Clifford, 1999). As CGA is found in a variety of foods and liquid
refreshments, many researchers have attempted to investigate
its nutritional benefits and physiological effects. The ability of
CGA to reduce oxidative stress has been revealed in several
studies. They all have shown that it can be used to induce
antitumor activity and cardioprotective effects and may have
neuroprotective effects (Han et al., 2010; Kwon et al., 2010;
Cropley et al., 2012). Evidences suggest that CGA has multiple
biological effects comprising antioxidant (Feng et al., 2005),
neuroprotective (Huang et al., 2008; Kwon et al., 2010), and
neurotrophic activities (Ito et al., 2008). Anti-inflammatory
activity of CGA has been studied in different disease models, such
as Lipopolysaccharide (LPS)-inflamed murine macrophage cells,
mouse retinal inflammation model, carbon tetrachloride (CCl4)-
induced liver fibrosis model, and LPS-inflamed keratinocytes
(Lee S.A. et al., 2012; Shi et al., 2013; Hwang et al., 2014).
A study has reported that endotoxin-induced inflammation has
been significantly reduced by downregulating NF-κB pathway in
raw 264.7 macrophages and mouse retinal inflammation model,
which is responsible for the activation of genes resulting in
the production of pro-inflammatory cytokines and adhesion
molecules (Hwang et al., 2015). As a result, CGA has been much
considered, and the demand of natural products or preparations
containing CGA has been increased. Regardless of various studies

FIGURE 1 | Chemical structure of chlorogenic acid.
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suggesting the antioxidative and neuroprotective properties of
CGA, no evidence of its antioxidative and anti-inflammatory
effects in MPTP-injected mice has been shown. Therefore, we
investigated the antioxidative and anti-inflammatory effects of
CGA in MPTP-intoxicated mice. The results of our study have
shown that CGA has significantly reduced the effect of MPTP
intoxication by attenuating behavioral damage and increasing the
expression of TH in DA neurons within the nigrostriatal region
via its antioxidative and anti-inflammatory action. Moreover, it
has also suppressed the production of cytokines such as TNF-α
by inhibiting the NF-κB pathway.

MATERIALS AND METHODS

Reagents and Antibodies
Chlorogenic acid, MPTP, and normal goat serum (NGS) were
bought from Sigma–Aldrich (St. Louis, MO, United States).
Acetic acid, ammonium chloride, bovine serum albumin (BSA),
potassium chloride, disodium hydrogen phosphate, reduced
nicotinamide adenine dinucleotide phosphate (NADPH), and
sodium dihydrogen phosphate were procured from Sisco
Research Laboratories (SRL, Mumbai, India). Protein estimation
kit by Bradford GeNeiTM, hydrogen peroxide (H2O2), and
potassium dichromate were purchased from Merck (Darmstadt,
Germany), and sodium dodecyl sulphate (SDS), thiobarbituric
acid (TBA), DABCO, and Griess reagent were obtained from
HiMedia (Mumbai, India). Paraformaldehyde and sodium nitrite
were bought from Lobachemie, India. Primary antibodies for
TH (SC-25269), iNOS (SC-651), and glial fibrillary acidic
protein (GFAP; SC-33673) were purchased from Santa Cruz,
Biotechnology (Santa Cruz, CA, United States), and the primary
antibodies for TNF-α (ab1793) and NF-κB (ab16502) were
obtained from Abcam Life Science, Biogenuix Medsystems
Pvt. Ltd. (New Delhi, India), and secondary fluorescent-tagged
antibodies such as Cy2 conjugated and Cy3 conjugated for
immunohistochemistry were bought from Merck Millipore and
Chemicon, respectively.

Experimental Animals
Swiss albino male mice, obtained from the animal research facility
of the Institute of Medical Sciences, Banaras Hindu University,
Varanasi, India, weighing 25 ± 5 g were used to conduct the
experiment. Mice were kept in clean polypropylene cages, in
an air-conditioned animal house with constant light–dark cycles
for 12 h. Water and a standard mice pellet diet were made
fully accessible. Only six mice were kept per cage, and they
were acclimatized in the laboratory conditions for about 1 week
before the start of the experiment. The experiment was done
by following the guidelines suggested by the Animal Ethics
Committee of Banaras Hindu University, Varanasi, India.

Experimental Design
After the mice adapted to the laboratory conditions, they were
further divided into five groups containing six animals each. The
first was used as a control group. In the second group, two doses
of MPTP (30 mg/kg body weight) were injected (i.p.) and the

second dose of MPTP was administered after 16 h of the first
dose. The third, fourth, and fifth groups were first intoxicated
with two doses of MPTP (30 mg/kg body weight) similar to the
second group. After 1 week of the second dose of MPTP, they
were orally treated with CGA, dissolved in sterile water (25, 50,
and 100 mg/kg body weight of CGA respectively) once daily for
24 days.

Behavioral Studies
After the dosing was completed, behavioral parameters were
checked after seven days from MPTP intoxication and also used
to study motor deficits in mice. Different tests such as rotarod,
hanging, and narrow beam walking tests were used for the motor
study.

Rotarod Test
In the rotarod experiments, animals were trained for three
consecutive days before starting the experiment at a fixed speed
(5 rpm). The time it took for the mice to fall down was recorded,
up to a maximum of 5 min. For each animal, the experiment was
repeated four times, and the average time was calculated (Manna
et al., 2006). The experiment was repeated after the completion
of the treatment, and the time it took for the mice to fall was also
recorded.

Narrow Beam Walking Test
This test was done to assess the motor coordination of mice,
which is necessary to check the balance while moving on
the narrow beam. At first, animals were trained to walk on a
stationary narrow wooden beam placed 100 cm above the floor
(L100 cm × W1 cm). Time taken by the mice to cross over the
beam was recorded, and the experiment was repeated thrice
(Pisa, 1998).

Hanging Test
On a horizontal grid, mice were placed and allowed to hold
it firmly. The grid was then inverted so that the mice hanged
upside down until they lose their grip and fall. Hanging
time was recorded, and the experiment was repeated thrice
(Mohanasundari et al., 2006)

Biochemical Parameters
After checking different behavioral parameters, mice were
sacrificed by cervical dislocation followed by decapitation with
minimum pain. The brains from mice were taken out and
stored immediately in ice for further use. For biochemical
tests, dissection of the mice brain from different groups was
done in ice cold conditions, and midbrain and striatal tissue
were isolated and kept in −20◦C until the biochemical tests
were fully performed (Kumar et al., 2010) and were further
homogenized in KCl buffer (Tris–HCl 10 mM, NaCl 140 mM,
KCl 300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X
100 0.5%) at pH 8.0 supplemented with protease and phosphatase
inhibitors. The tissue homogenates thus obtained were subjected
to centrifugation at 12,000 × g for 20 min at 4◦C to obtain
supernatant. Activities of different antioxidant enzymes such as
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superoxide dismutase (SOD) and catalase and levels of lipid
peroxidation and nitrite were assayed from the supernatant.

Estimation of Lipid Peroxidation
Lipid peroxidation was measured according to the method used
by Ohkawa et al. (1979) with few modifications. First, 10% tissue
homogenate was mixed with 10% SDS and then 20% acetic acid
was added. After that, 0.8% TBA was added, and then the reaction
mixture was kept in a boiling water bath for 1 h. Further, the
absorbance was recorded against control at 532 nm after the
assay mixture was cooled and centrifuged by taking out the
supernatant. Peroxidation of lipids was assessed in micromoles
of malondialdehyde (MDA) per milligram protein.

Estimation of Nitrite Levels
The nitrite content was measured according to the standard
procedures (Granger et al., 1996). 10% tissue homogenate was
taken and mixed with ammonium chloride and Griess reagent.
The solution was allowed to stand for half an hour at 37◦C, and
then the absorbance was taken at 540 nm. The reaction mixture
was incubated at 37◦C for 30 min, and the absorbance of the
supernatant was recorded at 540 nm. The nitrite content was
calculated using a standard curve for sodium nitrite (10–100 µM)
in terms of micromoles per milliliter.

Estimation of Activity of Antioxidant
Enzymes
The catalase activity was evaluated by measuring the rate
of decomposition of its substrate hydrogen peroxide using
spectrophotometer (Kumar et al., 2010). For this, the striatal
and midbrain tissue homogenates were mixed with potassium
dichromate and acetic acid (1:3) in a boiling water bath for
10 min, and OD was taken at 570 nm. Measurement of the
enzyme activity was done in n moles/min/mg protein. The
activity of SOD was assayed using NADH as a substrate (McCord
and Fridovich, 1969). The absorbance of both tubes was read
at 560 nm against reagent blank. Difference between reference
and experimental OD of the sample gives the inhibition of Nitro
blue tetrazolium chloride (NBT) reduction by an enzyme source.
Protein was also estimated by the enzyme source. The unit of
SOD enzyme activity was defined as the amount of enzyme
required to inhibit the optical density at 560 nm of NBT reduction
by 50% in 1 min under the assay conditions. SOD activity was
expressed as unit per milligram of protein.

Immunohistochemical Staining
Mice from each group were first anesthetized with diethyl
ether and perfused intracardially with 0.9% saline (chilled) and
4% paraformaldehyde (chilled) prepared in 0.1 M phosphate-
buffered saline (PBS), pH 7.4. Brains were taken out by
decapitation and kept in 10% paraformaldehyde overnight and
further transferred to sucrose solution. Immunohistochemical
staining of TH, GFAP, TNF-α, iNOS, and NF-κB was performed
in both SN and ST using the standard procedure (Gorbatyuk
et al., 2008). For this, 20 µm thick six to eight brain sections were
cut coronally at both SN and ST levels using a cryomicrotome

(Leica, Wetzlar, Germany). The sections were then washed with
0.01% M PBS (pH 7.4) at 10-min interval and then blocked
with 10% NGS in PBS 0.3% Triton-X 100 and 1% BSA in
phosphate buffered saline with Triton X-100 (PBST), that is,
blocking reagent for about 1 h. The sections were further
incubated with polyclonal anti-mice antibody against TH in
1:1000 dilution, monoclonal anti-mouse against GFAP in 1:1000
dilution, monoclonal TNF-α in 1:700 dilution, polyclonal anti-
rabbit NF-κB p65 antibody in 1:1000 dilution, and anti-mouse
for 16 h at 4◦C. Further, washing was done with PBS and
1% BSA–PBS, respectively, two times each to remove unbound
primary antibodies and then incubated with Cy2-conjugated
secondary antibody (for anti-mice primary) and Cy3-conjugated
secondary antibody (for anti-rabbit primary) prepared in 1%
BSA–PBS for 1 h at room temperature. Then sections were
washed thrice with 1% BSA–PBS at 3-min interval, and then
DAPI was added (1 µg/ml). Finally, sections were washed thrice
with PBS and then mounted on slides using polyvinyl alcohol
mounting medium with DABCO anti-fading (Fluka analytical).
The images were taken under Nikon fluorescent microscope
(Thermo Fisher Scientific). Immunofluorescence was analyzed by
Image J software (NIH, United States). The results were reported
as mean integrated fluorescent value in SN and ST.

Real-Time Polymerase Chain Reaction
(PCR) Analysis
Total RNA was isolated from the frozen tissues using the Trizol
RNA isolation reagent (Invitrogen, Carlsbad, CA, United States)
according to the manufacturer’s instructions. The RNA yield
was quantified on Nanodrop 1000, and the RNA purity
was determined based on the A260/A280 ratio. For cDNA
preparation, 2 µg total RNA (kept equal for each amplification)
was subjected to reverse transcription using 20U M-MLV reverse
transcriptase (Fermentas, Germany), 1 X reverse transcriptase
(RT) buffer, 20 mM dNTPs (New England Biolabs, United States),
20 U RNasin (Fermentas, Germany), 0.1 M dithiothreitol (DTT)
with diethyl pyrocarbonate (DEPC)-treated water, and 100 ng
of random hexamers (Fermentas, Germany). Gene expression
profile analysis was done on ABI7500 Fast system. GAPDH was
taken as endogenous control. PCR reaction was done according
to the previously reported studies with few modifications. In
brief, 10 µl of real-time mix contained 5 µl of SYBER green
master mix (Applied Biosystem), 1 µl cDNA, 2 µl nuclease-free
water, 0.5 µl each of forward and reverse primers, and 1 µl RNase
inhibitor. PCR conditions were set with an initial incubation at
50◦C for 2 min, followed by denaturation at 95◦C for 10 min,
and 40 cycles at 95◦C for 15 s, 60◦C for 1 min, and 72◦C for
40 s (Tiwari et al., 2017). The abundance or declines of mRNA
were normalized to the geometric average of endogenous control
GAPDH for 1Ct. The fold change was calculated using 2-11Ct
method and reported as arbitrary unit.

Statistical Analysis
The data were analyzed by one-way analysis of variance
(ANOVA) using Student–Newman–Keuls test, and the fold
changes of mRNA were analyzed by Student’s two-tailed t-test

Frontiers in Pharmacology | www.frontiersin.org 4 August 2018 | Volume 9 | Article 757

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00757 February 3, 2023 Time: 17:5 # 5

Singh et al. Anti-inflammatory Activity of CGA

using Graph Pad Prism 7.0 software. The results are expressed as
the means ± SEMs. P-values <0.05 were considered statistically
significant.

RESULTS

CGA Attenuated the MPTP-Induced
Motor Impairments in Mice
Rotarod test explains about the balance and coordination
of mice on a rotating beam (Figures 2A,B). After 7 days
from MPTP intoxication, mice showed significant (p < 0.05)
reduced time on the rotarod in comparison with the untreated
control mice (Figure 2A). After day 31, time taken by the
MPTP-intoxicated mice was considerably reduced (p < 0.001)
compared with that of control (Figure 2B). After treatment
with CGA (50 and 100 mg/kg body weight), the time
taken by mice was significantly greater (p < 0.001) than
that of MPTP-treated mice. Thus, 50 mg/kg body weight
of CGA was optimum dose for treatment than the 25 and
100 mg/kg body weight of CGA. The degree of freedom and
F values are F(4,45) = 99.11, and p < 0.001 with significant
results found between the groups. The results were non-
significant between MPTP and 25 mg/kg body weight of
CGA.

Hanging test was performed to assess the motility of
Parkinsonian mice. After 7 days from MPTP intoxication, mice
showed significant (p < 0.01) reduced gripping and hanging
time in comparison with the untreated control mice (Figure 2C).
After day 31, gripping and hanging were significantly reduced
(p < 0.001) in MPTP-treated mice compared with that of
control (Figure 2D), whereas the hanging time was increased
(p < 0.001) after the treatment of MPTP-intoxicated mice with
CGA (50 and 100 mg/kg mg/kg body weight). The degree of
freedom and F values are F(4,45) = 30.42, and p < 0.001 with
significant results were found between the groups. The results
were non-significant between MPTP and 25 mg/kg body weight
of CGA.

The time taken by the mice to cross the narrow beam was
significantly increased after 7 days from MPTP intoxication
(p < 0.01) and after the completion of experiment (p < 0.001)
in MPTP-intoxicated mice compared with that of control
(Figures 2E,F). The walking time was significantly reduced
(p < 0.001) on treatment with CGA (50 mg/kg body
weight) in MPTP-induced mice. Accordingly, 50 mg/kg
body weight of CGA (Figures 2B,D,F) was the optimum
dose for treatment than the 25 and 100 mg/kg body
weight of CGA. The degree of freedom and F values are
F(4,45) = 70.63, and p < 0.001 with significant results
were found between the groups. The results were non-
significant between MPTP and 25 mg/kg body weight of
CGA.

Biochemical Analysis
Biochemical tests were performed after behavioral studies to see
the effect of CGA on the level of antioxidants.

FIGURE 2 | Effect of chlorogenic acid on behavioral parameters. (A) Rotarod
test of mice was performed after 7 days from MPTP intoxication in control and
MPTP groups. The time on the rotarod was found to be decreased in
MPTP-intoxicated group compared with control. (B) After the completion of
dosing, a significant improvement in the time of stay on rotarod was found in
CGA-treated mice compared with the MPTP-intoxicated group. MPTP group
shows reduced time of walking and staying on rotarod compared with the
control group. (C) Hanging test was performed after 7 days from MPTP
intoxication in control and MPTP groups. The hanging time was found to be
reduced in MPTP-intoxicated groups compared with control. (D) After the
completion of dosing, a significant improvement in the hanging time was
observed in the CGA-treated group compared with the MPTP-treated group.
MPTP group mice fall early compared with the control group. (E) Narrow
beam walking test was performed after 7 days from MPTP intoxication in
control and MPTP groups. The narrow beam walking time was found to be
increased in MPTP-intoxicated groups compared with control. (F) In contrast,
CGA treatment declines the walking time against MPTP-induced phenotype in
mouse after the completion of dosing. Data are expressed in terms of
mean ± SEM (n = 6), ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. CGA,
chlorogenic acid; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, SEM,
standard error of mean.
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CGA Inhibits Lipid Peroxidation and
Nitrite Level in MPTP-Intoxicated Mice
The level of MDA was measured to examine the effect of CGA on
peroxidation of lipids in ST and SN (Figures 3A,C). The degree of
freedom and F values of ST [F(4,20) = 23.43, p < 0.001] and SN
[F(4,20) = 27.33, p < 0.001] with significant results were found
between the groups. The results were non-significant between
MPTP and 25 mg/kg body weight of CGA. Lipid peroxidation
was considerably (p < 0.001) increased in MPTP-induced mice
compared with that of control in both regions of brain. While on
treatment with CGA, the MDA level was found to be decreased
in the MPTP group (Figures 3A,C). MDA level was significantly
reduced (p < 0.001) in 50 and 100 mg/kg body weight of CGA
compared with the MPTP-intoxicated group.

The nitrite level was estimated within the ST and SN regions of
different treatment groups. The degree of freedom and F values of
ST [F(4,20) = 15.53, p< 0. 001] and SN [F(4,20) = 15.4, p< 0.001]
with significant results were found between the groups. The
results were non-significant between MPTP and 25 mg/kg body

weight of CGA. In our study, the NO level was found to be
significantly elevated (p < 0.001) within both the regions in
Parkinsonian mice compared with that of control (Figures 3B,D).
The NO level was significantly reduced (p < 0.001) in CGA
(50 and 100 mg/kg body weight)-treated group compared with
the MPTP-induced mice group. When MPTP-intoxicated groups
were treated with three different doses of CGA, 50 mg/kg body
weight of CGA has shown more efficacy rather than that of 25
and 100 mg/kg body weight groups of CGA.

CGA Modulates the Activity of the
Antioxidant Enzymes
In this study, the antioxidants such as SOD and catalase have
effectively scavenged the ROS produced within the midbrain
and ST. To study this, the activities of SOD and catalase were
measured in ST and SN with the degree of freedom and F
values of ST [SOD; F(4,20) = 11.46, p < 0.001] and SN [SOD;
F(4,20) = 11.79, p < 0.0001] with significant results between
the groups. The results were non-significant between MPTP and

FIGURE 3 | Estimation of MDA and nitrite levels: (A–C) MDA and (B–D) nitrite levels measured in striatal and substantia nigra regions of brain. MPTP injection
caused significant increase in MDA and nitrite levels compared with the control group. CGA treatment alleviates MPTP-induced increased levels of MDA and nitrite
compared with the MPTP-injected mice. Values are expressed as mean ± SEM (n = 6). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. CGA, chlorogenic acid; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MDA, malondialdehyde; SEM, standard error of mean.

Frontiers in Pharmacology | www.frontiersin.org 6 August 2018 | Volume 9 | Article 757

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00757 February 3, 2023 Time: 17:5 # 7

Singh et al. Anti-inflammatory Activity of CGA

FIGURE 4 | Estimation of activity of SOD and catalase. (A–C) Superoxide dismutase (SOD) and (B–D) catalase (CAT) activities measured in striatum and substantia
nigra regions of the brain. MPTP injection caused significant increase in SOD and CAT activities in MPTP mice compared with the control group. CGA treatment in
MPTP group increases SOD and CAT activities compared with the MPTP-injected animal group. Values are expressed as mean ± SEM (n = 6). ∗p < 0.05,
∗∗p < 0.01, and ∗∗∗p < 0.001. CGA, chlorogenic acid; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SOD, superoxide dismutase; CAT, catalase; SEM,
standard error of mean.

25 mg/kg body weight of CGA. In the case of MPTP-intoxicated
mice groups, SOD activity was found to be significantly decreased
(p< 0.001) compared with that of control group (Figures 4A,C).
However, on CGA treatment, the activity of SOD was seen to be
significantly elevated mainly in the case of 50 mg/kg body weight
of CGA treatment group (p< 0.01; Figures 4A,C).

Variation in the activity of catalase was found in different
groups (Figures 4B,D) with the degree of freedom and F values
of ST [F(4,20) = 92.31, p < 0.001] and SN [F(4,20) = 43.19,
p < 0.001] with significant results. The results were found to
be non-significant between MPTP and 25 mg/kg body weight
of CGA. Compared with the control group, significant decrease
(p < 0.001) in catalase activity was seen in ST and SN of MPTP-
injected mice group. The treatment with CGA has, however,
caused the elevation in the activity of catalase compared with the
MPTP group, in which 50 and 100 mg/kg body weight of CGA
have shown a significant increase in catalase activity (p < 0.001)
compared with the MPTP-induced group (Figures 4B,D). Thus,
the dosage of 50 mg/kg body weight of CGA was optimum dose
for the treatment than that of 25 and 100 mg/kg body weight of
CGA.

Immunohistochemical Analysis
CGA Averts MPTP-Induced DA Neuronal Loss in SN
and Decrease of Striatal DA Nerve Terminal Density
Tyrosine hydroxylase immunostaining was done to study
the expression of TH in DA neurons in the SN and ST
regions of mice brain (Figure 5) with the degree of freedom
and F values of SN [F(4,10) = 22.22, p < 0.001] and ST
[F(4,10) = 17.37, p < 0.001] with significant results between
the groups. The results were non-significant between MPTP
and 25 mg/kg body weight of CGA. On MPTP intoxication,
the expression of TH was reduced significantly (p < 0.001)
compared with the control group in SN (Figure 5). Similarly,
TH-positive nerve terminals were also reduced in the MPTP
group more significantly (p < 0.001) compared with that of
control (Figure 5). Treatment with CGA caused increase in TH
immunostaining in SN and ST, respectively. More significant
results were found in 50 and 100 mg/kg body weight of
CGA showing increased TH-immunostaining in DA neurons
and nerve terminals in SN (p < 0.001) and ST (p < 0.01),
respectively.

Frontiers in Pharmacology | www.frontiersin.org 7 August 2018 | Volume 9 | Article 757

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00757 February 3, 2023 Time: 17:5 # 8

Singh et al. Anti-inflammatory Activity of CGA

FIGURE 5 | Immunohistochemistry of tyrosine hydroxylase in the SN and striatum of mice. With 10 × magnifications after staining. The expression of TH and nerve
terminal density were significantly decreased in the SN and ST of MPTP-injected mice compared with the control group, whereas the expression of TH significantly
increased in CGA-treated group compared with MPTP-injected mice. Values are expressed as mean ± SEM (n = 3). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.
CGA, chlorogenic acid; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra; TH, tyrosine hydroxylase; ST, striatum; SEM, standard error of
mean; IFV, integrated fluorescent value.

CGA Inhibited the Activation of GFAP
Increased oxidative stress and inflammation within astroglia are
indicated by the enhanced expression of GFAP (Figure 6) with
the degree of freedom and F values of SN [F(4,10) = 36.45,
p < 0.001] and ST [F(4,10) = 13.86, p < 0.001] with
significant results between the groups. The results were non-
significant between MPTP and 25 mg/kg body weight of CGA.
The expression of GFAP was considerably increased in the
MPTP-intoxicated group compared with control in both SN
and ST (Figure 6), indicating severe astrogliosis in the SN
(p < 0.001) and ST (p < 0.001) as indicated by increased GFAP
immunostaining. The treatment of different doses of CGA has
reduced the expression of GFAP as shown by reduced GFAP
immunostaining, of which 50 and 100 mg/kg body weight
have shown more significant effects in SN (p < 0.001) and
ST (p < 0.01) than that of 25 mg/kg body weight of CGA
(Figure 6).

Effect of CGA on the Expression of
Inflammatory Mediators (TNF-α and
iNOS)
The effect of CGA on different inflammatory markers such
as TNF-α and iNOS was studied in both SN and ST. TNF-α
(p < 0.01 in SN and p < 0.001 in ST, Figure 7) and iNOS
(p < 0.001 in SN and p < 0.001 in ST, Figure 8) expressions
were found to be significantly increased in the MPTP-intoxicated
group compared with that of control. 50 and 100 mg/kg body
weight of CGA have significantly reduced the expression of TNF-
α (p < 0.01 in SN and p < 0.001 in ST, Figure 7) and iNOS
(p < 0.001 in SN and p < 0.001 in ST, Figure 8) compared
with that of MPTP-injected group. The degree of freedom and F
values of SN [F(4,10) = 10.88, p < 0.01] and ST [F(4,10) = 51.77,
p < 0.001] for Figures 7, 8 in SN [F(4,10) = 42.8, p < 0.001] and
ST [F(4,10) = 23.53, p < 0.0001] with significant results between

FIGURE 6 | IHC of glial fibrillary acidic protein in the SN and striatum of mice. With 10 × magnifications after staining. The expression of GFAP-positive astrocytes
was significantly increased in the SN and striatum of MPTP-injected mice compared with the control group, whereas CGA treatment decreased the expression of
GFAP-positive astrocytes in MPTP+CGA group compared with the MPTP group. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. CGA, chlorogenic acid; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra; ST, striatum; GFAP, glial fibrillary acidic protein; SEM, standard error of mean; IFV, integrated
fluorescent value.
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FIGURE 7 | IHC of TNF-α in SN and striatum of mice. With 10 × magnifications after staining. The level of TNF-α was found to be increased in the SN and striatum
of MPTP-treated mice compared with control mice, whereas CGA administration to MPTP-injected mice showed moderate staining of TNF-α in the MPTP+CGA
mice compared with MPTP-injected mice. Values are expressed as mean ± SEM (n = 3). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. CGA, chlorogenic acid; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra; ST, striatum; TNF-α, tumor necrosis factor; SEM, standard error of mean; IFV, integrated
fluorescent value.

FIGURE 8 | IHC of iNOS in the SN and striatum of mice. With 10 × magnifications after staining. The increased expression of iNOS in the SN and striatum was
found in the MPTP-treated mice compared with control mice, whereas CGA supplementation reduced the expression of iNOS mice compared with
MPTP-intoxicated mice. Values are expressed as mean ± SEM (n = 3). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. CGA, chlorogenic acid; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra; ST, striatum; iNOS, inducible nitric oxide synthase; SEM, standard error of mean; IFV, integrated
fluorescent value.

the groups. The results were found to be non-significant between
MPTP and 25 mg/kg body weight of CGA.

CGA Inhibited the Activation of NF-κB
Further, the expression of NF-κB was investigated in SN and
ST regions of mice brain. As shown in Figure 9, the degree
of freedom and F values of SN [F(4,10) = 26.24, p < 0.001]
and ST [F(4,10) = 13.26, p < 0.001] with significant results
were found between the groups. The results were found to be
non-significant between MPTP and 25 mg/kg body weight of
CGA. NF-κB immunostaining was found to be increased in
the SN (p < 0.001, Figure 9) and ST (p < 0.001, Figure 9)
in the MPTP-intoxicated group compared with that of control.
CGA administration has inhibited the activation of NF-κB in the
nigrostriatal region, of which 50 and 100 mg/kg body weight
of CGA have markedly (p < 0.001 in SN and p < 0.01 in ST,
Figure 9) reduced the activation of NF-κB in mice compared with
MPTP-injected mice.

Real-Time PCR Analysis: Effect of CGA
on mRNA Expression of Inflammatory
Cytokines
The mRNA expression of the inflammatory cytokines was
assessed by measuring the mRNA level of IL-1β, TNF-α, and
IL-10 in different experimental groups. The anti-inflammatory
effect of CGA on the mRNA expression of different cytokines
such as IL-1β, TNF-α, and IL-10 in SN of MPTP-intoxicated
mice has been shown in Figure 10. It can be clearly seen in
Figure 10 that mRNA levels of TNF-α (p < 0.05) and IL-1β

(p< 0.05) were significantly increased, whereas the mRNA levels
of anti-inflammatory cytokine IL-10 (p < 0.01) were seen to be
downregulated in MPTP-intoxicated mice compared with that of
control. Whereas CGA (50 mg/kg body weight) administration
has potently reduced the mRNA expression of TNF-α (p < 0.05)
and IL-1β (p < 0.01), while the mRNA expression of IL-10
was significantly increased (p < 0.05) compared with that of
MPTP.
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FIGURE 9 | IHC of NF-κB in SN and striatum of mice. With 20 × magnifications after staining. NF-κB shows profound expression in the SN and striatum of
MPTP-treated mice compared with the control group mice, while CGA treatment in MPTP mice shows moderate staining of NF-κB. Values are expressed as
mean ± SEM (n = 3). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. CGA, chlorogenic acid; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra;
ST, striatum; NF-κB, Nuclear factor κB; SEM, standard error of mean; IFV, integrated fluorescent value.

FIGURE 10 | Effect of CGA on mRNA expression levels of inflammatory cytokines: IL-1β, TNF-α, and anti-inflammatory cytokine; IL-10 in PD mice model. In the
absence of CGA, the MPTP-intoxicated mice brain tissue showed significantly enhanced expression levels of TNF-α and IL-1β with downregulated IL-10 levels
compared with that of control. On supplementation with CGA at 50 and 100 mg/kg body weight concentration, the MPTP mice brain tissue showed significantly
enhanced expression levels of IL-10 and decreased levels of TNF-α and IL-1β compared with the untreated MPTP-intoxicated mice. Values in the graph are
represented as mean ± SEM with the level of significance ∗p < 0.05 and ∗∗p < 0.01. CGA, chlorogenic acid; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
SN, TNF-α, tumor necrosis factor; SEM, standard error of mean.

DISCUSSION

Our study has reported the antioxidative and anti-inflammatory
activities of CGA by effectively scavenging ROS and RNS in
MPTP-intoxicated mice. Oxidative stress and inflammation
in neurons have been reported to play critical role in PD
pathogenesis (Tansey et al., 2007). Microglial cells may
become activated on inflammation and induce the process
of neuronal degeneration through the production of ROS,
thereby releasing pro-inflammatory cytokines, increasing
NO levels and superoxides, and elevating iNOS expression
rendering deleterious effects on DA neurons (Hirsch et al.,
2003; Sanchez-Pernaute et al., 2004). Also, the usage of
anti-inflammatory drugs to suppress neuroinflammation
to alleviate DA neurodegeneration has been seen in
different models of PD (Choi et al., 2005). Researchers have
particularly focused to study the antioxidant properties
of CGA as it crosses the blood–brain barrier whether in

its pure form or as its metabolite (Ito et al., 2008; Chu
et al., 2009; Kumar et al., 2018). Throughout our study, we
tried to suggest the novel role of CGA by inhibiting the
neuroinflammation by decreasing the production of ROS and
release of pro-inflammatory cytokines and suppressing the
activation of astrocytes by downregulating the expression of
NF-κB.

We have used MPTP-induced mice as emphasized in many
studies that MPTP acts as the best toxin-based animal model
of PD representing all the pathological hallmarks (Langston
et al., 1983). MPTP is converted to its toxic metabolite MPP+
(1-methyl-4-phenyl-pyridinium) by the enzyme monoamine
oxidase B in astrocytes, further taken up by neurons through
DA transporters. MPP+ causes its inhibitory action by entering
into the mitochondria and blocking complex I function
by which the first step in electron transport chain gets
hindered. Hence, oxidative phosphorylation gets negatively
affected by causing mitochondrial death due to oxidative
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stress (Dauer and Przedborski, 2003; Przedborski and Vila, 2003;
Przedborski et al., 2004).

We tried to focus on the mechanism involved in the
therapeutic action of CGA in MPTP-intoxicated mice. MPTP
by and large not only promotes motor deficits, but it also
causes DA neuronal degeneration in rodents (Blum et al., 2001).
Moreover, it also causes similar behavioral, immunohistological,
and biochemical effects to the human patients with PD. Further,
MPTP treatment creates behavioral, neurochemical, and
immunohistological characteristics very similar to patients with
PD (RajaSankar et al., 2009). Among different doses of CGA, 50
mg/kg body weight dose is found to be more effective compared
with 25 and 100 mg/kg body weight dose of CGA as shown by
different behavioral, biochemical, immunohistochemical, and
qPCR analyses. This study deals with the comparison between
different doses of CGA in MPTP-intoxicated mice on the basis
of TH immunoreactivity, neurobehavioral analysis, biochemical
parameters, immunohistochemistry, and at the transcriptional
level through qPCR analysis. In comparison to previous studies
(Singh et al., 2009) showing motor impairment induced by
MPTP, our study too showed similar results by conducting
different behavioral parameters such as rotarod, hanging, and
narrow beam walking tests. Our results have suggested that
CGA treatment has remarkably reduced motor impairment
by improving postural instability with more coordinated
movements and effectively rescued motor deficits induced by
MPTP.

Abnormal increase in the lipid peroxidation level has been
seen in postmortem brains of patients with PD (Jenner and
Olanow, 1996; Niranjan, 2014). MDA level is measured to
check the level of lipid peroxidation, which acts as a marker
of peroxidation of membrane phospholipids, due to oxidative
stress (Maffei-Facino et al., 1995; Jose et al., 2001). In this
study, lipid peroxidation was significantly increased due to MPTP
intoxication. In contrast, upon treatment with CGA, the level was
appreciably reduced indicating the scavenging property of CGA
to remove ROS and reduce oxidative stress.

The increased oxidative stress within the cell is usually
taken care of by the naturally occurring endogenous defense
system present in it. The antioxidants here constitute enzymes
such as CAT and SOD and non-enzymatic molecule GSH
(Sutachan et al., 2012; Anderson and Maes, 2014; Celardo
et al., 2014). The disturbance in the defense system has been
recognized in PD brains (Anderson and Maes, 2014; Celardo
et al., 2014). This defense system helps in scavenging superoxides
and other intermediates of oxygen but up to normal threshold
level. When the threshold level is crossed, this system fails to
rescue the cell from oxidative stress. Enzyme SOD is usually
responsible for converting superoxides into H2O2 (Zelko et al.,
2002), which is further converted to water and oxygen through
decomposition by CAT (Switala and Loewen, 2002). In our
study, MPTP lesion has significantly reduced the activity of SOD
and CAT. Upon CGA treatment, this effect was reversed, and
the antioxidant defense mechanism was restored. The role of
NO in contributing the hazardous effect of MPTP is reported
by many studies. The NO level has been seen to be elevated
upon MPTP intoxication, further enhancing DA neuronal

damage (Jackson-Lewis and Smeyne, 2005). NO can block the
initial respiration step by combining with superoxide anion
(O2−), thereby producing highly toxic peroxynitrite oxidant
(ONOO−). Our findings also reveal the involvement of NO in
neurodegeneration, showing an elevated level of NO by MPTP
intoxication, which was further reduced by CGA treatment.

The main finding of our study deals with the increment
in TH immunoreactivity in DA neurons, conferred by CGA
administration in MPTP-intoxicated mice. Measurement of TH-
immunoreactivity is therefore performed to check the function of
DA neurons and nerve fibers present in SN and ST, respectively
(Lee J.M. et al., 2012). Reduction in TH immunoreactivity
in SN has been observed upon MPTP challenge through
immunohistochemical analysis. MPTP has led to significant
downregulation of TH expression in SN and its projected nerve
terminals in ST, which is supported by numerous reports (Lee
J.M. et al., 2012). The decreased expression of TH in SN and its
terminals in ST is considered as one of the pathological hallmarks
in the case of PD. This condition was significantly reversed by
administration of CGA to MPTP-intoxicated mice, which has
significantly rescued the TH expression and preserved integrity
of nerve terminals.

Inflammation plays a central role in the pathogenesis of
PD. This fact is also supported by various studies done using
rodent model of PD and postmortem PD brains that have
shown the presence of neuro-inflammatory cascade involved
in neurodegeneration (Mogi et al., 1994; McCoy et al., 2008;
Hirsch and Hunot, 2009). Inflammation induced either by the
glial cell activation and proliferation or by the production of
cytokines is said to be one of the pathogenic components of brain
damage. The pro-inflammatory and cytotoxic factors usually help
cells by rescuing them from invading pathogen. However, under
continued production, they might lead to neurotoxic effects
resulting in the damage of neurons. Cytokines are primarily
expressed within the glial cells of CNS (Teismann and Schulz,
2004). Not only DA neuronal loss is caused by reactive microglia
but also reactive astrocytes show their detrimental effect to
the neuron survival (Finsterwald et al., 2015). Astrocytes also
respond to inflammatory stimulations such as IL-1β, LPS, and
TNF-α by producing pro-inflammatory cytokines both in vitro
and in vivo, like microglia, shown by various studies (Saijo
et al., 2009; Tanaka et al., 2013). The increased expression of
GFAP within astroglial cells, indicating astrogliosis marked by
hypertrophy of cell body and extensions, has been reported
in various models of PD. In accordance with the previous
reports (Litteljohn et al., 2011), our study also shows that
MPTP challenge leads to increased astrogliosis seen by elevated
expression of GFAP, indicating increased production of ROS and
neuroinflammation (Lee et al., 2009). In contrast, administration
of CGA has led to attenuation of the increased level of
GFAP, thereby blocking astrocyte activation. Thus, it clearly
suggests that CGA potentially rescued the DA neurons from
damage by ameliorating activation of astrocyte, an initial step of
neurodegeneration.

To investigate the anti-inflammatory role of CGA, the levels
of various inflammatory components were studied. Cytokines,
such as TNF-α and IL-1β, regulate the inflammatory responses by
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playing important roles in host defence, infection, and
pathogenesis of the disease (Boudjellab et al., 2000; Lee et al.,
2006). Our study also indicates that MPTP treatment has
increased the level of pro-inflammatory molecules such as TNF-
α and iNOS in SN and ST, whereas administration of CGA to
MPTP-intoxicated mice has significantly reduced the level of
TNF-α and iNOS.

In the present study, the expression of NF-κB was found
to be increased in MPTP-treated mice. On CGA treatment,
decrement in the expression of NF-κB was observed, showing its
ability to reverse inflammatory cascade. NF-κB is a ubiquitous
transcription factor found in almost all animal cell types (Figuera-
Losada et al., 2014). This transcription factor plays an important
role in activating the genes responsible for expressing pro-
inflammatory cytokines. It has been proved by several studies
that translocation of NF-κB from cytoplasm to nucleus leads to
the overexpression of inflammatory mediators such as IL-1β, IL-
6, iNOS, and TNF-α (di Meglio et al., 2005; Wang et al., 2017).
Reportedly, NF-κB activation was found prominently in patients
with PD and in SN of MPTP-treated mice (Ghosh et al., 2007).
Upregulation of NF-κB is usually linked with the destruction
of neurons. On CGA treatment, decrement in the expression of
NF-κB was observed, showing its ability to reverse inflammatory
cascade after MPTP intoxication. Excessive inflammation that
can cause severe damage to the cells is generally counteracted
by the production of the anti-inflammatory cytokine IL-10
by many immune cells (Moore et al., 2001; Lobo-Silva et al.,
2016). IL-10 helps in maintaining neuron viability and regulates
inflammation (Strle et al., 2001). Moreover, IL-10 prevents the
apoptosis by enhancing the expression of anti-apoptotic factors
and attenuating the expression of pro-apoptotic factors, thus,
playing an important role in CNS level. IL-10 inhibits the
production of cytokines by microglia and thus inhibits excessive
neuroinflammation (Balasingam and Yong, 1996; Ledeboer et al.,
2002). In accordance with these studies, our study also shows
the reduced production of anti-inflammatory cytokine IL-10 in
MPTP-intoxicated mice, whereas it was significantly enhanced on
CGA treatment.

In general, our study deals with the therapeutic effect of
CGA in MPTP-intoxicated mice, which is solely caused by its

antioxidative and anti-inflammatory activities. Our findings show
that after CGA treatment, the increased expression of existing TH
cells did not get degenerated due to MPTP intoxication. Based
on these results, future studies are warranted to assess the TH-
positive cell counts besides their exact molecular mechanism by
which CGA restores the antioxidant capacity or inflammatory
response in MPTP-intoxicated mice.

CONCLUSION

To sum up, our findings suggest that CGA can be used as a potent
anti-inflammatory agent in preventing the neurodegeneration
in PD. It confers its effects mainly by downregulating
the expressions of iNOS, TNF-α, and NF-κB in activated
glial cells, thereby inhibiting neuroinflammation through its
elevated anti-inflammatory and antioxidant activities. Thus, the
anti-inflammatory activity along with the potent antioxidant
properties shown by CGA can be used in treating the
inflammatory condition in the case of PD.

AUTHOR CONTRIBUTIONS

SSS, SNR, HB, and WZ designed and performed the experiments
and co-wrote the manuscript. NT and RS performed the RT-PCR
experiments. MG, GK, and RP statistically analyzed the study.
SPS conceived, designed, and supervised the complete study.

ACKNOWLEDGMENTS

SSS, SNR, HB, and WZ are sincerely thankful to ICMR, DBT,
BHU, India, for their respective fellowship. The authors are
thankful to the Head, Department of Biochemistry, IOS, BHU
for providing the basic departmental facility and ISLS, BHU
for their central facility. They would also like to acknowledge
Chandra Prakash Patel, ISLS, BHU for his help in the fluorescence
microscopy and Ashok Kumar Yadav, Lab attendant, for his help
in the animal care and other necessary assistance.

REFERENCES
Anderson, G., and Maes, M. (2014). Neurodegeneration in Parkinson’s disease:

interactions of oxidative stress, tryptophan catabolites and depression with
mitochondria and sirtuins. Mol. Neurobiol. 49, 771–783. doi: 10.1007/s12035-
013-8554-z

Balasingam, V., and Yong, V. W. (1996). Attenuation of astroglial reactivity by
interleukin-10. J. Neurosci. 16, 2945–2955.

Bethea, J. R., Nagashima, H., Acosta, M. C., Briceno, C., Gomez, F., Marcillo,
A. E., et al. (1999). Systemically administered interleukin-10 reduces tumor
necrosis factor-alpha production and significantly improves functional recovery
following traumatic spinal cord injury in rats. J. Neurotrauma 16, 851–863.
doi: 10.1089/neu.1999.16.851

Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. doi: 10.
1038/nrn2038

Blum, D., Torch, S., Lambeng, N., Nissou, M., Benabid, A., Sadoul, R., et al. (2001).
Molecular pathways involved in the neurotoxicity of 6-OHDA, dopamine

and MPTP: contribution to the apoptotic theory in Parkinson’s disease. Prog.
Neurobiol. 65, 135–172. doi: 10.1016/S0301-0082(01)00003-X

Boudjellab, N., Chan-Tang, H. S., and Zhao, X. (2000). Bovine interleukin-1
expression by cultured mammary epithelial cells (MAC-T) and its involvement
in the release of MAC-T derived interleukin-8. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 127, 191–199. doi: 10.1016/S1095-6433(00)00257-9

Brewer, K. L., Bethea, J. R., and Yezierski, R. P. (1999). Neuroprotective effects
of interleukin-10 following excitotoxic spinal cord injury. Exp. Neurol. 159,
484–493. doi: 10.1006/exnr.1999.7173

Celardo, I., Martins, L. M., and Andhi, S. F. (2014). Unravelling mitochondrial
pathways to Parkinson’s disease. Br. J. Pharmacol. 8, 1943–1957. doi: 10.1111/
bph.12433

Choi, D. K., Pennathur, S., Perier, C., Tieu, K., Teismann, P., Wu, D. C.,
et al. (2005). Ablation of the inflammatory enzyme myeloperoxidase mitigates
features of Parkinson’s disease in mice. J. Neurosci. 25, 6594–6600. doi: 10.1523/
JNEUROSCI.0970-05.2005

Chu, Y. F., Brown, P. H., Lyle, B. J., Chen, Y., Black, R. M., Williams, C. E., et al.
(2009). Roasted coffees high in lipophilic antioxidants and chlorogenic acid

Frontiers in Pharmacology | www.frontiersin.org 12 August 2018 | Volume 9 | Article 757

https://doi.org/10.1007/s12035-013-8554-z
https://doi.org/10.1007/s12035-013-8554-z
https://doi.org/10.1089/neu.1999.16.851
https://doi.org/10.1038/nrn2038
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/S0301-0082(01)00003-X
https://doi.org/10.1016/S1095-6433(00)00257-9
https://doi.org/10.1006/exnr.1999.7173
https://doi.org/10.1111/bph.12433
https://doi.org/10.1111/bph.12433
https://doi.org/10.1523/JNEUROSCI.0970-05.2005
https://doi.org/10.1523/JNEUROSCI.0970-05.2005
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00757 February 3, 2023 Time: 17:5 # 13

Singh et al. Anti-inflammatory Activity of CGA

lactones are more neuroprotective than green coffees. J. Agric. Food Chem. 57,
9801–9808. doi: 10.1021/jf902095z

Clifford, M. N. (1999). Chlorogenic acids and other cinnamates: nature, occurrence
and dietary burden. J. Sci. Food Agric. 79, 362–372.

Cropley, V., Croft, R., Silber, B., Neale, C., Scholey, A., Stough, C., et al. (2012).
Does coffee enriched with chlorogenic acids improve mood and cognition
after acute administration in healthy elderly? A pilot study. Psychopharm 219,
737–749. doi: 10.1007/s00213-011-2395-0

Cua, D. J., Hutchins, B., LaFace, D. M., Stohlman, S. A., and Coffman, R. L.
(2001). Central nervous system expression ofIL-10 inhibits autoimmune
encephalomyelitis. J. Immunol. 166, 602–608. doi: 10.4049/jimmunol.
166.1.602

Dauer, W., and Przedborski, S. (2003). Parkinson’s disease: mechanisms and
models. Neuron 39, 889–909. doi: 10.1016/S0896-6273(03)00568-3

de Oliveira, D. M., Barreto, G., Galeano, P., Romero, J. I., Holubiec, M. I.,
Badorrey, M. S., et al. (2011). Paullinia cupana Mart. var. Sorbilis protects
human dopaminergic neuroblastoma SH-SY5Y cell line against rotenone-
induced cytotoxicity. Hum. Exp. Toxicol. 30, 1382–1391. doi: 10.1177/
0960327110389837

di Meglio, P., Ianaro, A., and Ghosh, S. (2005). Amelioration of acute
inflammation by systemic administration of a cell-permeable peptide inhibitor
of NF-kappa B activation. Arthritis Rheum. 52, 951–958. doi: 10.1002/art.
20960

Farah, A., and Donangelo, C. M. (2006). Phenolic compounds in coffee. Braz. J.
Plant Physiol. 18, 23–36. doi: 10.1590/S1677-04202006000100003

Farah, A., Monteiro, M., Donangelo, C. M., and Lafay, S. (2008). Chlorogenic
acids from green coffee extract are highly bioavailable in humans. J. Nutr. 138,
2309–2315. doi: 10.3945/jn.108.095554

Feng, R., Lu, Y., Bowman, L. L., Qian, Y., Castranova, V., Ding, M., et al. (2005).
Inhibition of activator protein-1, NF-kappaB, and MAPKs and induction of
phase 2 detoxifying enzyme activity by chlorogenic acid. J. Biol. Chem. 280,
27888–27895. doi: 10.1074/jbc.M503347200

Figuera-Losada, M., Rojas, C., and Slusher, B. S. (2014). Inhibition of microglia
activation as a phenotypic assay in early drug discovery. J. Biomol. Screen. 19,
17–31. doi: 10.1177/1087057113499406

Finsterwald, C., Magistretti, P. J., and Lengacher, S. (2015). Astrocytes: new targets
for the treatment of neurodegenerative diseases. Curr. Pharm. Des. 21, 3570–
3581. doi: 10.2174/1381612821666150710144502

Frenkel, D., Huang, Z., Maron, R., Koldzic, D. N., Moskowitz, M. A., and
Weiner, H. L. (2005). Neuroprotection by IL-10-producing MOG CD4+ T cells
following ischemic stroke. J. Neurol. Sci. 233, 125–132. doi: 10.1016/j.jns.2005.
03.022

Gandhi, S., and Wood, N. W. (2005). Molecular pathogenesis of Parkinson’s
disease. Hum. Mol. Genet. 14, 2749–2755. doi: 10.1093/hmg/ddi308

Ghosh, A., Roy, A., Liu, X., Kordower, J. H., Mufson, E. J., Hartley, D. M.,
et al. (2007). Selective inhibition of NF-kB activation prevents dopaminergic
neuronal loss in a mouse model of Parkinson’s disease. Proc. Natl. Acad. Sci.
U.S.A. 104, 18754–18759.

Gorbatyuk, O. S., Li, S., Sullivan, L. F., Chen, W., Kondrikova, G.,
Manfredsson, F. P., et al. (2008). The phosphorylation state of ser-129 in human
α-synuclein determines neurodegeneration in a rat model of Parkinson disease.
Proc. Natl. Acad. Sci. U.S.A. 105, 763–768. doi: 10.1073/pnas.0711053105

Granger, D. L., Taintor, R. R., Boockvar, K. S., and Hibbs, J. B. (1996). Measurement
of nitrate and nitrite in biological samples using nitrate reductase and Griess
reaction. Methods Enzymol. 268, 142–151.

Han, J., Miyamae, Y., Shigemori, H., and Isoda, H. (2010). Neuroprotective
effect of 3,5-di-O-caffeoylquinic acid on SH-SY5Y cells and senescence-
accelerated-prone mice 8 through the up-regulation of phosphoglycerate
kinase 1. Neuroscience 169, 1039–1045. doi: 10.1016/j.neuroscience.2010.
05.049

Herrera, A. J., Castaño, A., Venero, J. L., Cano, J., and Machado, A. (2000). The
single intranigral injection of LPS as a new model for studying the selective
effects of inflammatory reactions on dopaminergic system. Neurobiol. Dis. 7,
429–447.

Hirsch, E. C., Breidert, T., Rousselet, E., Hunot, S., Hartmann, A., and Michel,
P. P. (2003). The role of glial reaction and inflammation in Parkinson’s
disease. Ann. N. Y. Acad. Sci. 991, 214–228. doi: 10.1111/j.1749-6632.2003.
tb07478.x

Hirsch, E. C., and Hunot, S. (2009). Neuroinflammation in Parkinson’s disease:
a target for neuroprotection? Lancet Neurol. 8, 382–397. doi: 10.1016/S1474-
4422(09)70062-6

Huang, S. M., Chuang, H. C., Wu, C. H., and Yen, G. C. (2008). Cytoprotective
effects of phenolic acids on methylglyoxal-induced apoptosis in neuro-
2A cells. Mol. Nutr. Food Res. 52, 940–949. doi: 10.1002/mnfr.2007
00360

Hwang, S. J., Jun, S. H., Park, Y., Cha, S. H., Yoon, M., Cho, S., et al. (2015). Green
synthesis of gold nanoparticles using chlorogenic acid and their enhanced
performance for inflammation. Nanomedicine 11, 1677–1688. doi: 10.1016/j.
nano.2015.05.002

Hwang, S. J., Kim, Y. W., Park, Y., Lee, H. J., and Kim, K. W. (2014). Anti-
inflammatory effects of chlorogenic acid in lipopolysaccharide-stimulated
RAW 264.7 cells. Inflamm. Res. 63, 81–90. doi: 10.1007/s00011-013-0674-4

Ito, H., Sun, X. L., Watanabe, M., Okamoto, M., and Hatano, T. (2008).
Chlorogenic acid and its metabolite m-coumaric acid evoke neurite outgrowth
in hippocampal neuronal cells. Biosci. Biotechnol. Biochem. 72, 885–888. doi:
10.1271/bbb.70670

Jackson-Lewis, V., and Smeyne, R. J. (2005). MPTP and SNpc DA neuronal
vulner-ability: role of dopamine, superoxide and nitric oxide in neurotoxicity.
Neurotoxicol. Res. 7, 193–202. doi: 10.1007/BF03036449

Jenner, P., and Olanow, C. W. (1996). Oxidative stress and the pathogenesis of
Parkinson’s disease. Neurology 47(6 Suppl. 3), S161–S170. doi: 10.1212/WNL.
47.6Suppl3.161S

Jose, L. M., Olivenza, M., Moro, M. A., Lizasoain, I., Lorenzo, P.,
Rodrigo, J., et al. (2001). Glutathione depletion, lipid peroxidation and
mitochondrial dysfunction are induced by chronic stress in rat brain.
Neuropsychopharmacology 24, 420–429. doi: 10.1016/S0893-133X(00)00208-6

Kanaan, N. M., Kordower, J. H., and Collier, T. J. (2010). Age-related
changes in glial cells of dopamine midbrain subregions in rhesus
monkeys. Neurobiol. Aging 31, 937–952. doi: 10.1016/j.neurobiolaging.2008.
07.006

Kitamura, Y., Itano, Y., Kubo, T., and Nomura, Y. (1994). Suppressive effect of FK-
506, a novel immunosuppressant, against MPTP-induced dopamine depletion
in the striatum of young C57BL/6 mice. J. Neuroimmunol. 50, 221–224. doi:
10.1016/0165-5728(94)90049-3

Kumar, A., Ahmad, I., Shukla, S., Singh, B. K., Patel, D. K., Pandey, H. P., et al.
(2010). Effect of zinc and PQ co-exposure on neurodegeneration: modulation
of oxidative stress and expression of metallothioneins, toxicant responsive and
transporter genes in rats. Free Radic. Res. 44, 1–16. doi: 10.3109/10715762.2010.
492832

Kumar, G., Paliwal, P., Mukherjee, S., Patnaik, N., Krishnamurthy, S., and
Patnaik, R. (2018). Pharmacokinetics and brain penetration study of
chlorogenic acid in rats. Xenobiotica 21, 1–7. doi: 10.1080/00498254.2018.
1445882

Kurkowska-Jastrzebska, I., Wronska, A., Kohutnicka, M., Czlonkowski, A., and
Czlonkowska, A. (1999). The inflammatory reaction following 1-methyl-4-
phenyl-1,2,3, 6-tetrahydropyridine intoxication in mouse. Exp. Neurol. 156,
50–61. doi: 10.1006/exnr.1998.6993

Kwon, S. H., Lee, H. K., Kim, J. A., Hong, S. I., Kim, H. C., Jo, T. H., et al.
(2010). Neuroprotective effects of chlorogenic acid on scopolamine-induced
amnesia via anti-acetylcholinesterase and anti-oxidative activities in mice. Eur.
J. Pharmacol. 649, 210–217. doi: 10.1016/j.ejphar.2010.09.001

Lan, X., Liu, R., Sun, L., Zhang, T., and Du, G. (2011). Methyl salicylate 2-O-
beta-D-lactoside, a novel salicylic acid analogue, acts as an anti-inflammatory
agent on microglia and astrocytes. J. Neuroinflammation 8:98. doi: 10.1186/
1742-2094-8-98

Langston, J. W., Ballard, P., Tetrud, J. W., and Irwin, I. (1983). Chronic
parkinsonism in humans due to a product of meperidine analog synthesis.
Science 219, 979–980. doi: 10.1126/science.6823561

Langston, J. W., Forno, L. S., Tetrud, J., Reeves, A. G., Kaplan, J. A., and Karluk, D.
(1999). Evidence of active nerve cell degeneration in the Substantia nigra
of humans years after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine exposure.
Ann. Neurol. 46, 598–605.

Ledeboer, A., Breve, J. J., Wierinckx, A., van der Jagt, S., Bristow, A. F., Leysen,
J. E., et al. (2002). Expression and regulation of interleukin-10 and interleukin-
10 receptor in rat astroglial and microglial cells. Eur. J. Neurosci. 16, 1175–1185.
doi: 10.1046/j.1460-9568.2002.02200.x

Frontiers in Pharmacology | www.frontiersin.org 13 August 2018 | Volume 9 | Article 757

https://doi.org/10.1021/jf902095z
https://doi.org/10.1007/s00213-011-2395-0
https://doi.org/10.4049/jimmunol.166.1.602
https://doi.org/10.4049/jimmunol.166.1.602
https://doi.org/10.1016/S0896-6273(03)00568-3
https://doi.org/10.1177/0960327110389837
https://doi.org/10.1177/0960327110389837
https://doi.org/10.1002/art.20960
https://doi.org/10.1002/art.20960
https://doi.org/10.1590/S1677-04202006000100003
https://doi.org/10.3945/jn.108.095554
https://doi.org/10.1074/jbc.M503347200
https://doi.org/10.1177/1087057113499406
https://doi.org/10.2174/1381612821666150710144502
https://doi.org/10.1016/j.jns.2005.03.022
https://doi.org/10.1016/j.jns.2005.03.022
https://doi.org/10.1093/hmg/ddi308
https://doi.org/10.1073/pnas.0711053105
https://doi.org/10.1016/j.neuroscience.2010.05.049
https://doi.org/10.1016/j.neuroscience.2010.05.049
https://doi.org/10.1111/j.1749-6632.2003.tb07478.x
https://doi.org/10.1111/j.1749-6632.2003.tb07478.x
https://doi.org/10.1016/S1474-4422(09)70062-6
https://doi.org/10.1016/S1474-4422(09)70062-6
https://doi.org/10.1002/mnfr.200700360
https://doi.org/10.1002/mnfr.200700360
https://doi.org/10.1016/j.nano.2015.05.002
https://doi.org/10.1016/j.nano.2015.05.002
https://doi.org/10.1007/s00011-013-0674-4
https://doi.org/10.1271/bbb.70670
https://doi.org/10.1271/bbb.70670
https://doi.org/10.1007/BF03036449
https://doi.org/10.1212/WNL.47.6Suppl3.161S
https://doi.org/10.1212/WNL.47.6Suppl3.161S
https://doi.org/10.1016/S0893-133X(00)00208-6
https://doi.org/10.1016/j.neurobiolaging.2008.07.006
https://doi.org/10.1016/j.neurobiolaging.2008.07.006
https://doi.org/10.1016/0165-5728(94)90049-3
https://doi.org/10.1016/0165-5728(94)90049-3
https://doi.org/10.3109/10715762.2010.492832
https://doi.org/10.3109/10715762.2010.492832
https://doi.org/10.1080/00498254.2018.1445882
https://doi.org/10.1080/00498254.2018.1445882
https://doi.org/10.1006/exnr.1998.6993
https://doi.org/10.1016/j.ejphar.2010.09.001
https://doi.org/10.1186/1742-2094-8-98
https://doi.org/10.1186/1742-2094-8-98
https://doi.org/10.1126/science.6823561
https://doi.org/10.1046/j.1460-9568.2002.02200.x
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00757 February 3, 2023 Time: 17:5 # 14

Singh et al. Anti-inflammatory Activity of CGA

Lee, J. K., Tran, T., and Tansey, M. (2009). Neuroinflammation in Parkinson’s
disease. J. Neuroimmune Pharmacol. 4, 419–429. doi: 10.1016/S1353-8020(11)
70065-7

Lee, J. M., Hwanga, D. S., Kim, H. G., Lee, C. H., and Oh, M. S. (2012).
Dangguijakyak-san protects dopamine neurons against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced neurotoxicity under postmenopausal
conditions. J. Ethnopharmacol. 139, 883–888. doi: 10.1016/j.jep.2011.12.015

Lee, J. W., Bannerman, D. D., Paape, M. J., Huang, M. K., and Zhao, X.
(2006). Characterization of cytokine expression in milk somatic cells during
intramammary infections with Escherichia coli or Staphylococcus aureus by
real-time PCR. Vet. Res. 37, 219–229.

Lee, S. A., Jung, E. B., Lee, S. H., Kim, Y. J., Bang, H., Seo, S. J., et al. (2012). 3,4,5-
tricaffeoylquinic acid inhibits the lipopolysaccharide-stimulated production of
inflammatory mediators in keratinocytes. Pharmacology 90, 183–192. doi: 10.
1159/000342127

Litteljohn, D., Mangano, E., Clarke, M., Bobyn, J., Moloney, K., and Hayley, S.
(2011). Inflammatory mechanisms of neurodegeneration in toxin-based models
of Parkinson’s disease. Parkinsons Dis. 2011:713517. doi: 10.4061/2011/713517

Liu, M., and Bing, G. (2011). Lipopolysaccharide animal models for Parkinson’s
disease. Parkinsons Dis. 2011:327089. doi: 10.4061/2011/327089

Lobo-Silva, D., Guilhermina Carriche, M., Gil Castro, A., Roque, S., and Saraiva, M.
(2016). Balancing the immune response in the brain: IL-10 and its regulation.
J. Neuroinflammation 13:297. doi: 10.1186/s12974-016-0763-8

Maffei-Facino, R., Carini, M., Aldini, G., Saibene, L., and Morelli, R.
(1995). Differential inhibition of superoxide, hydroxyl and peroxyl
radicals by nimesulide and its main metabolite 4 hydroxy nimesulide.
Arzneimittelforschung 45, 1102–1109.

Manna, S., Bhattacharyya, D., Mandal, T. K., and Dey, S. (2006).
Neuropharmacological effects of deltamethrin in rats. J. Vet. Sci. 7, 133–136.
doi: 10.4142/jvs.2006.7.2.133

McCord, J. M., and Fridovich, I. (1969). The role of superoxide anion in the auto-
oxidation of epinephrine and simple assay for superoxide dismutase. J. Biol.
Chem. 224, 6049–6055.

McCoy, M. K., Ruhn, K. A., Martinez, T. N., McAlpine, F. E., Blesch, A., Tansey,
M. G., et al. (2008). Intranigral lentiviral delivery of dominant-negative TNF
attenuates neurodegeneration and behavioral deficits in hemiparkinsonian rats.
Mol. Ther. 16, 1572–1579. doi: 10.1038/mt.2008.146

Meireles, J., and Massano, J. (2012). Cognitive impairment and dementia in
Parkinson’s disease: clinical features, diagnosis, and management. Front.
Neurol. 3:88. doi: 10.3389/fneur.2012.00088

Mogi, M., Harada, M., Kondo, T., Riederer, P., Inagaki, H., Minami, M.,
et al. (1994). Interleukin-1 beta, interleukin-6, epidermal growth factor and
transforming growth factor-alpha are elevated in the brain from Parkinsonian
patients. Neurosci. Lett. 180, 147–150. doi: 10.1016/0304-3940(94)90508-8

Mohanasundari, M., Srinivasan, M. S., Sethupathy, S., and Sabesan, M. (2006).
Enhanced neuroprotective effect by combination of bromocriptine and
hypericum perforatum extract against MPTP-induced neurotoxicity in mice.
Neurol. J. Sci. 249, 140–144. doi: 10.1016/j.jns.2006.06.018

Moore, K. W., de Waal, M. R., Coffman, R. L., and O’Garra, A. (2001). Interleukin-
10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19, 683–765. doi:
10.1146/annurev.immunol.19.1.683

Niranjan, R. (2014). The role of inflammatory and oxidative stress mechanisms in
the pathogenesis of Parkinson’s disease: focus on astrocytes. Mol. Neurobiol. 49,
28–38. doi: 10.1007/s12035-013-8483-x

Niranjan, R., Nath, C., and Shukla, R. (2010). The mechanism of action of
MPTP-induced neuroinflammation and its modulation by melatonin in rat
astrocytoma cells, C6. Free Radic. Res. 44, 1304–1316. doi: 10.3109/10715762.
2010.501080

Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal. Biochem. 95, 351–358. doi: 10.
1016/0003-2697(79)90738-3

Obeso, J. A. (2010). Modeling clinical features of neurodegeneration. Nat. Med.
16:1372. doi: 10.1038/nm1210-1372b

Pisa, M. (1998). Regional specialization of motor functions in the rat ST:
implications for the treatment of Parkinsonism. Prog. Neuropsychopharmacol.
Biol. Psychiatry 12, 217–224.

Poewe, W. (2008). Non-motor symptoms in Parkinson’s disease. Eur. J. Neurol. 1,
14–20. doi: 10.1111/j.1468-1331.2008.02056.x

Poewe, W. S. K., Tanner, C. M., Halliday, G. M., Halliday, G. M., Brundin, P.,
Volkmann, J., et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 23:17013.
doi: 10.1038/nrdp.2017.13

Przedborski, S., Tieu, K., Perier, C., and Vila, M. (2004). MPTP as a mitochondrial
neurotoxic model of Parkinson’s disease. J. Bioenerg. Biomembr. 36, 375–379.
doi: 10.1023/B:JOBB.0000041771.66775.d5

Przedborski, S., and Vila, M. (2003). The 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model: a tool to explore the pathogenesis of
Parkinson’s disease. Ann. Acad. N. Y. Sci. 991, 189–198.

Qian, L., Block, M. L., Wei, S. J., Lin, C. F., Reece, J., Pang, H., et al.
(2006). Interleukin-10 protects lipopolysaccharide-induced neurotoxicity in
primary midbrain cultures by inhibiting them function of NADPH oxidase.
J. Pharmacol. Exp. Ther. 319, 44–52. doi: 10.1124/jpet.106.106351

Qian, Y., Cao, L., Guan, T., Chen, L., Xin, H., Li, Y., et al. (2015). Protection
by genistein on cortical neurons against oxidative stress injury via inhibition
of NF-kappaB, JNK and ERK signaling pathway. Pharm. Biol. 53, 1124–1132.
doi: 10.3109/13880209.2014.962057

RajaSankar, S., Manivasagam, T., Sankar, V., Prakash, S., Muthusamy, R.,
Krishnamurti, A., et al. (2009). Withania somnifera root extract improves
catecholamines and physiological abnormalities seen in a Parkinson’s disease
model mouse. J. Ethnopharmacol. 125, 369–373. doi: 10.1016/j.jep.2009.08.003

Rappold, P. M., and Tieu, K. (2010). Astrocytes and therapeutics for Parkinson’s
disease. Neurotherapeutics 7, 413–423. doi: 10.1016/j.nurt.2010.07.001

Saijo, K., Winner, B., Carson, C. T., Collier, J. G., Boyer, L., Rosenfeld, M. G.,
et al. (2009). A Nurr1/CoREST pathway in microglia and astrocytes protects
dopaminergic neurons from inflammation-induced death. Cell 137, 47–59. doi:
10.1016/j.cell.2009.01.038

Samantaray, S., Knaryan, V. H., Guyton, M. K., Matzelle, D. D., Ray, S. K., and
Banik, N. L. (2007). The Parkinsonian neurotoxin rotenone activates calpain
and caspase-3 leading to motor neurodegeneration in spinal cord of Lewis rats.
Neuroscience 146, 741–755. doi: 10.1016/j.neuroscience.2007.01.056

Sanchez-Pernaute, R. S., Ferree, A., Cooper, O., Yu, M., Liisa Brownell, A.,
Isacson, O., et al. (2004). Selective COX-2 inhibition prevents progressive
dopamine neuron degeneration in a rat model of Parkinson’s disease.
J. Neuroinflammation 1:6. doi: 10.1186/1742-2094-1-6

Schapira, A. H., Olanow, C. W., Greenamyre, J. T., and Bezard, E. (2014). Slowing
of neurodegeneration in Parkinson’s disease and Huntington’s disease: future
therapeutic perspectives. Lancet 384, 545–555. doi: 10.1016/S0140-6736(14)
61010-2

Shi, H., Dong, L., Jiang, J., Zhao, J., Zhao, G., Dang, X., et al. (2013). Chlorogenic
acid reduces liver inflammation and fibrosis through inhibition of toll-like
receptor 4 signaling pathway. Toxicology 303, 107–114. doi: 10.1016/j.tox.2012.
10.025

Singh, S., Singh, K., Patel, D. K., Singh, C., Nath, C., Singh, V. K., et al. (2009).
The expression of CYP2D22, an ortholog of human CYP2D6, in mouse
striatum and its modulation in 1-methyl 4-phenyl-1,2,3,6-tetrahydropyridine
induced Parkinson’s disease phenotype and nicotine mediated neuroprotection.
Rejuvenation Res. 12, 185–197. doi: 10.1089/rej.2009.0850

Strle, K., Zhou, J. H., Shen, W. H., Broussard, S. R., Johnson, R. W., Freund, G. G.,
et al. (2001). Interleukin-10 in the brain. Crit. Rev. Immunol. 21, 427–449.
doi: 10.1615/CritRevImmunol.v21.i5.20

Sutachan, J. J., Casas, Z., Albarracin, S. L., Stab, B. R. II, Samudio, I., Gonzalez, J.,
et al. (2012). Cellular and molecular mechanisms of antioxidants in Parkinson’s
disease. Nutr. Neurosci. 15, 120–126. doi: 10.1179/1476830511Y.0000000033

Switala, J., and Loewen, P. C. (2002). Diversity of properties among catalases. Arch.
Biochem. Biophys. 401, 145–154. doi: 10.1016/S0003-9861(02)00049-8

Tanaka, T., Kai, S., Matsuyama, T., Adachi, T., Fukuda, K., and Hirota, K. (2013).
General anaesthetics inhibit LPS-induced IL-1beta expression in glial cells. PLoS
One 8:e82930. doi: 10.1371/journal.pone.0082930

Tansey, M. G., McCoy, M. K., and Frank-Cannon, T. C. (2007).
Neuroinflammatory mechanisms in Parkinson’s disease: potential
environmental triggers, pathways, and targets for early therapeutic
intervention. Exp. Neurol. 208, 1–25. doi: 10.1016/j.expneurol.2007.07.004

Teismann, P., and Schulz, J. B. (2004). Cellular pathology of Parkinson’s disease:
astrocytes, microglia and inflammation. Cell Tissue Res. 318, 149–161. doi:
10.1007/s00441-004-0944-0

Tiwari, N., Kumar, V., Gedda, M. R., Singh, A. K., Singh, V. K., Gannavaram, S.,
et al. (2017). Identification and characterization of miRNAs in

Frontiers in Pharmacology | www.frontiersin.org 14 August 2018 | Volume 9 | Article 757

https://doi.org/10.1016/S1353-8020(11)70065-7
https://doi.org/10.1016/S1353-8020(11)70065-7
https://doi.org/10.1016/j.jep.2011.12.015
https://doi.org/10.1159/000342127
https://doi.org/10.1159/000342127
https://doi.org/10.4061/2011/713517
https://doi.org/10.4061/2011/327089
https://doi.org/10.1186/s12974-016-0763-8
https://doi.org/10.4142/jvs.2006.7.2.133
https://doi.org/10.1038/mt.2008.146
https://doi.org/10.3389/fneur.2012.00088
https://doi.org/10.1016/0304-3940(94)90508-8
https://doi.org/10.1016/j.jns.2006.06.018
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1007/s12035-013-8483-x
https://doi.org/10.3109/10715762.2010.501080
https://doi.org/10.3109/10715762.2010.501080
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1038/nm1210-1372b
https://doi.org/10.1111/j.1468-1331.2008.02056.x
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1023/B:JOBB.0000041771.66775.d5
https://doi.org/10.1124/jpet.106.106351
https://doi.org/10.3109/13880209.2014.962057
https://doi.org/10.1016/j.jep.2009.08.003
https://doi.org/10.1016/j.nurt.2010.07.001
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.1016/j.neuroscience.2007.01.056
https://doi.org/10.1186/1742-2094-1-6
https://doi.org/10.1016/S0140-6736(14)61010-2
https://doi.org/10.1016/S0140-6736(14)61010-2
https://doi.org/10.1016/j.tox.2012.10.025
https://doi.org/10.1016/j.tox.2012.10.025
https://doi.org/10.1089/rej.2009.0850
https://doi.org/10.1615/CritRevImmunol.v21.i5.20
https://doi.org/10.1179/1476830511Y.0000000033
https://doi.org/10.1016/S0003-9861(02)00049-8
https://doi.org/10.1371/journal.pone.0082930
https://doi.org/10.1016/j.expneurol.2007.07.004
https://doi.org/10.1007/s00441-004-0944-0
https://doi.org/10.1007/s00441-004-0944-0
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00757 February 3, 2023 Time: 17:5 # 15

Singh et al. Anti-inflammatory Activity of CGA

response to Leishmania donovani infection: delineation of their roles in
macrophage dysfunction. Front. Microbiol. 8:314. doi: 10.3389/fmicb.2017.
00314

Wang, W., Liu, P., Hao, C., Wu, L., Wan, W., Mao, X., et al. (2017).
Neoagaro-oligosaccharide monomers inhibit inflammation in LPS-stimulated
macrophages through suppression of MAPK and NF-kappaB pathways. Sci.
Rep. 7:44252. doi: 10.1038/srep4425

Zelko, I. N., Mariani, T. J., and Folz, R. J. (2002). Superoxide dismutase multigene
family: a comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-
SOD (SOD3) gene structures, evolution, and expression. Free Radic. Biol. Med.
33, 337–349. doi: 10.1016/S0891-5849(02)00905-X

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Singh, Rai, Birla, Zahra, Kumar, Gedda, Tiwari, Patnaik, Singh
and Singh. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 15 August 2018 | Volume 9 | Article 757

https://doi.org/10.3389/fmicb.2017.00314
https://doi.org/10.3389/fmicb.2017.00314
https://doi.org/10.1038/srep4425
https://doi.org/10.1016/S0891-5849(02)00905-X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Effect of Chlorogenic Acid Supplementation in MPTP-Intoxicated Mouse
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Experimental Animals
	Experimental Design
	Behavioral Studies
	Rotarod Test
	Narrow Beam Walking Test
	Hanging Test
	Biochemical Parameters
	Estimation of Lipid Peroxidation
	Estimation of Nitrite Levels
	Estimation of Activity of Antioxidant Enzymes
	Immunohistochemical Staining
	Real-Time Polymerase Chain Reaction (PCR) Analysis
	Statistical Analysis

	Results
	CGA Attenuated the MPTP-Induced Motor Impairments in Mice
	Biochemical Analysis
	CGA Inhibits Lipid Peroxidation and Nitrite Level in MPTP-Intoxicated Mice
	CGA Modulates the Activity of the Antioxidant Enzymes
	Immunohistochemical Analysis
	CGA Averts MPTP-Induced DA Neuronal Loss in SN and Decrease of Striatal DA Nerve Terminal Density
	CGA Inhibited the Activation of GFAP

	Effect of CGA on the Expression of Inflammatory Mediators (TNF- and iNOS)
	CGA Inhibited the Activation of NF-B
	Real-Time PCR Analysis: Effect of CGA on mRNA Expression of Inflammatory Cytokines

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	References


