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The degeneration of dopaminergic (DA) neurons in Parkinson’s disease (PD) is related
to inflammation and oxidative stress. Anti-inflammatory agents could reduce the risk
or slow the progression of PD. Catalpol, an iridoid glycoside extracted from the
roots of Rehmannia radix, has been reported to reduce the release of inflammatory
factors and exert neuroprotective effects. 1-methyl-4-phenyl-1,2,3, 6-tetrahydropyridine
(MPTP)-treated mice were used as the PD model and the roles of catalpol on
DA neurons and its potential mechanism were investigated in this study. We found
that catalpol administration mitigated the loss of DA neurons induced by MPTP
and increased exploratory behavior along with tyrosine hydroxylase (TH) expression,
which was accompanied by astrocyte and microglia activation. Importantly, catalpol
administration significantly inhibited MPTP-triggered oxidative stress, restored growth-
associated protein 43 (GAP43) and vascular endothelial growth factor (VEGF) levels.
Further, we found that catalpol suppressed the activation of MKK4/JNK/c-Jun signaling,
and reduced the pro-inflammatory factors and inflammasome in the mouse model of
PD. Our results suggest that catalpol relieves MPTP-triggered oxidative stress, which
may benefit to avoid the occurrence of chronic inflammatory reaction. Catalpol alleviates
MPTP-triggered oxidative stress and thereby prevents neurodegenerative diseases-
related inflammatory reaction, highlighting its therapeutic potential for the management
of PD symptoms.
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INTRODUCTION

Parkinson’s disease (PD) is a common and complex age-related neurological disorder of unclear
etiology. The clinical symptoms of PD include motor dysfunction, resting tremor, postural and
gait disorders, and neurological impairment (Kalia and Lang, 2015). The pathological hallmarks
of PD are the loss of dopamine (DA) neurons and the presence of Lewy bodies, with a resultant
reduction in dopamine levels in the substantia nigra (SN) pars compacta and striatum (Bendor
et al., 2013; Kordower et al., 2013). Although the underlying molecular mechanisms are not well
understood, apoptosis, neuroinflammation, and oxidative stress are thought to be involved in these
effects (Imamura et al., 2003; Ghavami et al., 2014; Mashima et al., 2018). For example, activated
microglia was shown to contribute to the degeneration of DA neurons in animal models of PD
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(Gao et al., 2002). Neuroinflammation plays an important role
in PD progression (Wahner et al., 2007). Oxidizing agents could
induce the death of DA neurons (Carr et al., 2000; Szabó
et al., 2007). Some therapeutic schemes for increasing dopamine
levels have not achieved satisfactory results in alleviating clinical
symptoms defects, which is considered to be related to the poor
effects on reducing dopaminergic neuron damage (Liu et al.,
2018; da Silva et al., 2018). Hence, there is an urgent need to seek
new drugs with multiple potentials in alleviating the death of DA
neurons in PD.

Catalpol, a water-soluble active compound isolated from
Rehmannia glutinosa, has many pharmacological activities
including antiapoptotic, anti-inflammatory and antioxidant
functions as well as neuroprotective effects (Hu et al., 2010;
Wang and Zhan-Sheng, 2018; Yan et al., 2018). Catalpol
can cross the blood-brain barrier and serve as a protective
agent in the treatment of neurodegenerative diseases (Wang
et al., 2012; Dinda et al., 2019). Catalpol exposure reduced
tumor necrosis factor-α (TNF)-α and nitric oxide synthase
expression in cultured primary microglia that was upregulated
by the inflammatory primer, lipopolysaccharide (LPS; Tian
et al., 2006), and also protected astrocytes from oxidative
damage caused by hydrogen peroxide (Bi et al., 2008a).
In other studies, catalpol prevented 1-methyl-4-phenyl-1,2,
3,4-tetrahydropyridine (MPTP)/1-methyl-4-phenylpyridinium-
induced neurotoxicity in mesencephalic neurons not only
by enhancing antioxidant activity, but also by inhibiting
monoamine oxidase type B-mediated–neurotoxicity in cells
(Mao et al., 2007; Tian et al., 2007; Bi et al., 2008b, 2009;
Chen et al., 2008), it also restored locomotor function by
increasing the striatal DA concentration and enhanced the level
of glial cell-derived neurotrophic factor, thereby preventing
the loss of tyrosine hydroxylase (TH)-positive neurons and
downregulation of striatal DA transporter (DAT) in an
MPTP-induced PD model (Xu et al., 2010). Moreover, catalpol
protected against rotenone-induced cell damage by increasing
the activities of complex I, glutathione (GSH), GSH peroxidase
(GPx) and superoxide dismutase (SOD), which reduced lipid
peroxidation and preserved mitochondrial membrane potential
(Mao et al., 2007). However, the molecular basis of these effects
remains unclear.

In this study, we investigated the neuroprotective effects
of catalpol on DA neurons and analyzed its underlying
mechanisms using a mouse model of PD. Catalpol treatment
prevented DA neurons against apoptosis by downregulating
the mitogen-activated protein kinase kinase (MKK) 4/c-
Jun N-terminal kinase (JNK)/c-Jun signaling pathway in
MPTP-treated mice. Furthermore, catalpol not only reduced the
levels of pro-inflammatory factors and inflammasome activation,
but it also inhibited oxidative stress in the SN.

MATERIALS AND METHODS

Animals and Drug Treatments
Male C57BL/6 mice (10 weeks old) were obtained from the
Department of Laboratory Animal Science of China Medical
University. The mice (n = 11 pre-group) were intraperitoneally

injected with catalpol dissolved in saline (15 mg/kg/day;
Chengdu Manster Biotechnology Co., Chengdu, China; A0215)
or vehicle (saline) for 3 days, followed by MPTP (30 mg/kg/day;
Sigma-Aldrich, St. Louis, MO, USA; M0896), MPTP + catalpol,
or vehicle starting on day 4 for 5 days. Mice in the MPTP +
catalpol treatment group (n = 9) were continually administered
catalpol for 6 days, and those primed with MPTP received the
vehicle for 6 days. Mice in the control group were given the
vehicle saline (n = 10). The experimental procedure is outlined
in Figure 1A. The general health and body weight of animals
were monitored daily, and animals were handled according to
the Guide for the Care and Use of Medical Laboratory Animals
(Ministry of Health, Beijing, China). The experimental protocol
was approved by the Laboratory Ethics Committee of China
Medical University.

Open Field Test (OFT)
The open field test (OFT) is used to assess spontaneous motor
function and exploratory behavior. Mice were allowed to adapt
to the new environment before beginning the test, as previously
described (Zhang Y. H. et al., 2018). A mouse was placed in
the center of the arena and the whole experiment lasted 5 min.
The exploratory trace, total distance, distance in the zone center
and the times that the mouse enters into the center of the
arena were recorded using SMART v.3.0 software (Harvard
Apparatus, British).

Pole-Climbing Test
A 50-cm pole was split in half, with each section measuring
25 cm. The middle of the pole was marked. A small ball was
placed at the top of the pole and covered with gauze to prevent
it from slipping. The mouse was placed on the bar and the
time taken until it reached the marked line was recorded. The
scores were determined as follows: >6 s, 1 point; 3–6 s, 2 points;
and <3 s, 3 points.

Rotarod Test
Locomotor ability was tested using a five-lane IITC 755 Series
8 rotarod (IITC Life Science, Woodland Hills, CA, USA) that
was rotated starting at a speed of 4 rpm, which was increased
to 40 rpm over a period of 5 min in forwarding mode with a
5-min rest interval. Each mouse was tested three times at each
time point.

Tissue Preparation
After behavioral testing, mice were anesthetized by
intraperitoneal injection of sodium pentobarbital at a dose
of 40 mg/kg. They were then perfused with saline and
sacrificed by decapitation. Half of the brain was fixed with
4% paraformaldehyde for morphological analysis. The SN and
striatum of the other half of the brain were flash-frozen in dry
ice and stored at−80◦C until biochemical analyses.

Reactive Oxygen Species (ROS)
Measurement
To determine whether catalpol treatment decreases oxidative
stress, we detected ROS levels in the SN with the Reactive
Oxygen Species Assay Kit (Beyotime Institute of Biotechnology,
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FIGURE 1 | Catalpol alleviates impairment of exploratory behavior in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice. Mice were intraperitoneally
injected with catalpol (15 mg/kg/day) or vehicle (saline) for 3 days, and then administered MPTP (30 mg/kg/day; n = 11), MPTP + catalpol, or vehicle starting on day
4 for 5 days. Mice that were previously treated with MPTP + catalpol (n = 9) were continually administered catalpol for 6 days; those primed with MPTP received the
vehicle for 6 days. Mice treated with the vehicle saline served as the control group (n = 10). (A) Treatment schedule. (B) Representative images of movement trials in
the open field test (OFT). (C) Quantitative analysis of total distance traveled in the OFT. (D) Distance from the zone center. (E) The number of entries into the zone
center in the OFT. (F,G) Time and score in the pole-climbing test. (H) The average amount of time mice remained on the rod in the Rotarod test. Data represent
mean ± SEM. The P-values were calculated using a one-way analysis of variance (ANOVA). ∗P < 0.05 vs. vehicle group; #P < 0.05 vs. MPTP-induced group.

Shanghai, China; S0033). Briefly, the SN was weighed and
homogenized in ice-cold phosphate-buffered saline, then
centrifuged at 500× g for 10 min at 4◦C. The supernatant was
used for the ROS assay. ROS production was evaluated using

the oxidant-sensitive probe 2,7-dichlorofluorescein diacetate
according to the manufacturer’s instructions. Fluorescence
intensity was measured at 485 nm excitation and 525 nm
emission wavelengths using a microplate reader (Cytation5;
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BioTek, Winooski, VT, USA). ROS level is expressed as
fluorescence intensity per microgram of protein.

Determination of SOD Activity
The SOD activity was measured by ultraviolet spectroscopy with
the SOD Assay Kit (Jiancheng Biology, Nanjing, China; A001–1)
according to the manufacturer’s instructions. Briefly, the SN was
removed from the mouse brain and weighed and homogenized
in ice-cold SOD sample preparation solution. The lysate was
centrifuged at 4,000× g for 10 min at 4◦C, and the supernatant
was used for the assay.

Western Blot Analysis
Mouse brain tissue was collected and homogenized by sonication
in ice-cold RIPA buffer (Beyotime Institute of Biotechnology;
P0013B) containing a protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA; 8340) for 3 h at 4◦C. After centrifugation
at 12,000× g at 4◦C for 20 min, protein concentration in the
supernatant was determined with bicinchoninic acid protein
assay reagent (Beyotime Institute of Biotechnology; P0010). The
supernatant containing 25 µg of protein was resolved by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
the proteins were transferred to a polyvinylidene difluoride
membrane (Millipore, Billerica, MA, USA; IPVH00010) that
was probed with the following antibodies: rabbit anti-TH
(1:1,000, Millipore); rabbit anti-DAT (1:500), rabbit anti-SOD1
(1:500), rabbit anti-GPx4 (1:500), mouse anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; 1:10,000), rabbit anti-β-
actin (1:10,000), rabbit anti-growth-associated protein (GAP)
43 (1:500), and rabbit anti-vascular endothelial growth factor
(VEGF; 1:500; all from Proteintech, Rosemont, IL, USA);
mouse anti-B cell lymphoma (Bcl) 2 (1:1,000), mouse anti-
Bcl2-associated × protein (BAX; 1:1,000), rabbit anti-caspase-
3 (1:1,000), mouse anti-caspase-9 (1:1,000), rabbit anti-p-
MKK4 (1:1,000), rabbit anti-MKK4 (1:1,000), rabbit anti-p-
c-Jun (1:1,000), rabbit anti-c-Jun (1:1,000), rabbit anti-p-JNK
(1:1,000), rabbit anti-JNK (1:1,000), rabbit anti-nucleotide-
binding domain (NBD) and leucine-rich-repeat-containing
(LRR; known as NLR family member) × 1 (NLRX1; 1:1,000),
rabbit anti-IL-1β (1:1,000), and rabbit anti-glial fibrillary acidic
protein (GFAP; 1:1,000; all from Cell Signaling Technology,
Danvers, MA, USA); mouse anti-ionized calcium binding
adaptor molecule (Iba)1 (1:1,000, Thermo Fisher Scientific,
Waltham, MA, USA); and rabbit anti-α-synuclein (1:1,000),
rabbit anti-TNF-α (1:500), and rabbit anti-nucleotide binding
oligomerization domain-like receptor, pyrin domain-containing
(NLRP) 3 (1:1,000; all from Abcam, Cambridge, MA, USA).
The membrane was incubated with horseradish peroxidase-
labeled secondary antibodies (1:10,000, Thermo Fisher Scientific,
Waltham, MA, USA), and protein band intensity was quantified
using Prism v.7.0 software (Graph Pad, La Jolla, CA, USA).

Immunohistochemistry and
Immunofluorescence
Brain tissue sections were incubated overnight at 4◦C with rabbit
anti-TH antibody (1:100), then treated with the appropriate
biotinylated secondary antibody for 2 h at room temperature

followed by a third antibody for 30 min (MXB, Fuzhou, China).
The sections were developed in diaminobenzidine (Sigma-
Aldrich, St. Louis, MO, USA) for 3–5 min, then immersed
in distilled water to halt the reaction. The sections were
dehydrated and sealed with neutral gum and images were
acquired on a light microscope (ECHO, San Diego, CA, USA).
For immunofluorescence labeling, mouse brain sections were
blocked with sheep serum (Beyotime Institute of Biotechnology)
at room temperature for 1 h, then incubated overnight at
4◦C with a mixture of primary antibodies consisting of mouse
anti-GFAP (1:100) and rabbit anti-TH (1:100), or mouse anti-TH
(1:100; ImmunoStar, Hudson, WI, USA) and rabbit anti-Iba1
(1:400; Wako Pure Chemical Industries). After rinsing, the
sections were incubated with goat anti-rabbit IgG (H + L)
and goat anti-mouse IgG (H + L) cross-adsorbed secondary
antibodies (both 1:500, Thermo Fisher Scientific, Waltham, MA,
USA) for 2 h at room temperature. Images were acquired with a
confocal laser scanning microscope (A1; Nikon, Tokyo, Japan).

Statistical Analysis
Data are represented as mean ± standard error of the
mean (SEM), and each set of experiments was repeated three
times in parallel. Differences among means were compared
using one-way ANOVA. Data were analyzed using Prism
v.7.0 software. The results were considered significant at
P < 0.05.

RESULTS

Catalpol Enhances Exploratory Behavior in
MPTP-Treated Mice
To investigate whether catalpol alters the motor function and
exploratory behavior in MPTP-treated mice, we used the OFT,
pole climbing test and Rotarod test to assess motor ability.
The distance traveled and the number of entries in the zone
center were greater in the MPTP + catalpol group than in the
MPTP group, whereas total distance traveled was similar across
groups (Figures 1B–E). We then assessed the effect of catalpol
on locomotion ability with the pole climbing and Rotarod tests
but found no significant differences in scores between the three
groups in either test (Figures 1F–H). These results indicate that
catalpol reverses the reduction in exploratory behavior caused by
MPTP treatment. MPTP or catalpol treatment did not markedly
affect the bodyweight of the mice (Supplementary Figure S1).

Catalpol Protects DA Neurons From
MPTP-Induced Apoptosis
Given the massive loss of DA neurons in the SN and striatum
of MPTP-treated mice (Kordower et al., 2013), we examined
whether catalpol protects DA neurons in the SN and striatum
against damage caused by MPTP. TH immunoreactivity was
reduced in the SN and striatum of MPTP-treated mice relative
to the vehicle group, indicating a loss of DA neurons and
nerve fibers; however, catalpol administration reversed this effect
(Figure 2A). To confirm this observation, we examined TH and
DAT protein levels in the SN and striatum by western blot.
Consistent with the results obtained by immunohistochemistry,
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FIGURE 2 | Catalpol rescues dopaminergic (DA) neurons in the SN and striatum in an MPTP-induced mouse model of Parkinson’s disease (PD). (A)
Immunohistochemical detection of tyrosine hydroxylase (TH) in DA neurons of the substantia nigra (SN) and striatum of mice treated with vehicle, MPTP, or MPTP +
catalpol. Scale bar = 100 µm. (B–E) Western blot analysis of TH and α-synuclein (α-syn) levels in the SN. (F–I) Protein levels of TH and DA transporter (DAT) as
detected by western blotting. Data represent mean ± SEM; n = 7 mice per group. The P-values were calculated using one-way ANOVA. ∗P < 0.05 vs. vehicle
group; #P < 0.05, ##P < 0.01 vs. MPTP-induced group.
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FIGURE 3 | Catalpol inhibits apoptosis in the SN of mice treated with MPTP.
(A) Western blot analysis of caspase-9, cleaved caspase-9, caspase-3,
cleaved caspase-3, Bcl2, and BAX levels in the SN. (B–F) Quantitative
analysis of caspase-9, cleaved caspase-9, caspase-3, and cleaved
caspase-3 levels and Bcl2/BAX ratio. Data represent mean ± SEM;
n = 8 mice per group. The P-values were calculated using one-way ANOVA.
∗P < 0.05 vs. vehicle group; #P < 0.05 vs. MPTP-induced group.

we found that catalpol treatment increased TH and DAT protein
expression compared to MPTP-treated mice (Figures 2B–G)
and abrogated the accumulation of α-synuclein in the SN
(Figures 2H,I). These results demonstrate that catalpol mitigates
the loss of DA neurons caused by MPTP.

MPTP-induced death of DA neurons has been suggested
to result from increased release of the proapoptotic factors
caspase-3, caspase-9, and Bax and a decrease in the antiapoptotic
factor Bcl2 (Lee et al., 2011). To determine whether catalpol
affects apoptosis, we examined caspase-3, caspase-9, Bax and
Bcl2 protein expression by western blotting. Cleaved caspase-3
and cleaved caspase-9 levels were elevated in the brain of
MPTP-treated mice relative to controls, but this was abolished
by catalpol treatment (Figures 3A–E). Accordingly, the decrease
in the Bcl2/Bax observed upon MPTP treatment was reversed by
catalpol administration (Figures 3A,F). Thus, catalpol prevents
the loss of DA neurons by suppressing apoptosis.

Catalpol Modulates MKK4/JNK/c-Jun
Signaling to Inhibit the Apoptosis of DA
Neurons
As JNK/c-Jun signaling is important for apoptosis, we next
examined whether catalpol inhibits apoptosis by regulating this
pathway. A western blot analysis revealed that MPTP increased
JNK and c-Jun phosphorylation, which was reversed by catalpol
(Figures 4C–F). Given that MKK4 signaling is a key regulator
of JNK activation, we evaluated MKK4 phosphorylation status

in the SN and determined that it was altered by catalpol,
although total MKK4 protein level was unchanged compared to
the MPTP-treated group (Figures 4A,B). These findings indicate
that catalpol blocks apoptosis via modulation of MKK4/JNK/c-
Jun signaling.

Catalpol Exerts Antioxidant Effects in
MPTP-Treated Mice
Oxidative stress is a major cause of apoptosis in DA neurons
(Haddad, 2002), we, therefore, evaluated ROS levels in the
SN and found that MPTP enhanced ROS levels (Figure 5A).
ROS levels were decreased in the presence of catalpol, which
also reversed the MPTP-induced suppression of SOD1 activity
and protein expression in the SN (Figures 5B–D). Moreover,
western blot analysis showed that catalpol treatment restored
the expression of the antioxidant enzyme GPx4, which was
downregulated in the presence of MPTP (Figures 5C,E).
Given that NLRX1 enhances ROS production, we examined
whether catalpol-mediated inhibition of ROS is involved in the
suppression of NLRX1 and found that expression of the protein
was reduced by treatment with catalpol relative to the level
in mice treated with MPTP only (Figures 5B,F). These results
indicate that catalpol alleviates the apoptosis of DA neurons
through its antioxidant capacity.

Catalpol Attenuates Inflammation in
MPTP-Injured Mice
PD development and progression are accompanied by an
inflammatory response. To determine whether catalpol reduces
inflammation in PD, we evaluated the activation astrocyte and
microglia based on immunohistochemical detection of GFAP
and Iba1 expression, respectively. The immunopositivity of
GFAP and Iba1 was increased in mice treated with MPTP
compared to the vehicle. However, catalpol had the opposite
effect (Figures 6A,B). Consistent with these findings, the
western blot analysis showed that GFAP and Iba1 protein
levels were elevated in MPTP-treated mice, but these were
blocked by catalpol (Figures 7A–C). We also found that
catalpol inhibited MPTP-induced inflammation as evidenced
by the downregulation of TNF-α, interleukin (IL)-1β and
NLRP3 protein expression compared to mice treated with MPTP
only (Figures 7A,D–F).

GAP43 promotes nerve regeneration and the establishment of
synaptic connections (Allegra Mascaro et al., 2013; Kettenmann
et al., 2013). Moreover, the inhibition of GAP43 may be due
to the increase of apoptosis (Wang Z. et al., 2018). To assess
MPTP-induced injury of DA neurons and to investigate whether
catalpol is beneficial for regeneration, we determine by western
blotting that GAP43 protein expression was lower in mice treated
with MPTP as compared to vehicle (Figures 7G,H). However,
catalpol administration restored GAP43 protein level. In addition
to its proangiogenic role, VEGF also promotes neuronal survival
(Greenberg and Jin, 2005; Okabe et al., 2014); here we found that
MPTP reduced VEGF protein expression, which was restored
by catalpol (Figures 7G,I). These data indicate that catalpol
protects DA neurons against MPTP-induced injury by inhibiting
inflammation and stimulating neural regeneration.
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FIGURE 4 | Effects of catalpol on MKK4/JNK/c-Jun signaling in the brain of mice treated with MPTP. (A,C,E) Expression of MKK4, phosphorylated (p-) MKK4,
JNK, p-JNK, c-Jun, and p-c-Jun detected by western blotting. (B,D,F) Quantitative analysis of MPTP-induced changes in protein expression and their reversal by
catalpol treatment. Data represent mean ± SEM; n = 6 mice per group. The P-values were calculated using one-way ANOVA. ∗P < 0.05, ∗∗P < 0.01 vs. vehicle
group; #P < 0.05 vs. MPTP-induced group.

DISCUSSION

Inflammation is implicated in the pathogenesis of PD (Liu
et al., 2003; Herrero et al., 2015; Ransohoff, 2016) increases
in innate immune components such as interleukin (IL)-1β,
IL-6 and TNF-α have been detected in the cerebrospinal fluid
and SN of PD patients (Fiszer et al., 1994; Liu et al., 2003).
Additionally, in postmortem studies and animal models of
PD, ROS and nitrogen species were found to be increased,
which was accompanied by activation of microglia and reactive
astrocytes (Herrero et al., 2015; Ransohoff, 2016). Serum
proinflammatory cytokine concentrations are also increased
in PD patients (Dobbs et al., 1999; Scalzo et al., 2010). In
rodents, inflammatory stimuli including bacterial LPS (Qin
et al., 2007) and viral pathogens (Ogata et al., 1997) contribute
to the loss of DA neurons. Bacterial or viral infection may
increase the onset of PD in a susceptible population (Jang et al.,

2009). In animal models of MPTP-induced PD (Dauer and
Przedborski, 2003), TNF-α level in the brain was increased,
implying that adaptive immunity was activated in response
to MPTP-induced neurodegeneration (Barcia et al., 2011).
Peripheral and/or central neuroinflammation is associated with
the prodromal phase of PD (Hirsch and Hunot, 2009); thus,
inflammation is an important consideration when investigating
the mechanisms underlying the loss of DA neurons in PD.
Interestingly, LPS can cause prolonged activation of MKK4
(Waetzig et al., 2005), leading to the phosphorylation of JNK,
which mediates the proinflammatory function of microglia
(Verrecchia et al., 2003; Waetzig et al., 2005). Phosphorylated
JNK stimulates c-Jun activity to enhance the transcription of
pro-apoptotic cytokines (Whitfield et al., 2001; Dunn et al.,
2002). It was reported that anti-inflammatory intervention can
reduce the risk of developing PD (Noyce et al., 2012), while
pharmacological or genetic inhibition of inflammatory factors
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FIGURE 5 | Protective effects of catalpol against oxidative stress in the SN of MPTP-treated mice. (A) SOD1, NLRX1, and GPX4 protein expression as determined
by western blotting. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the loading control. (B–D) Quantitative analysis of SOD1, NLRX1, and
GPX4 protein levels. (E) Changes in SOD1 activity in the SN of mice. (F) Reactive oxygen species (ROS) production in the SN detected with the dichlorofluorescein
diacetate probe. Data represent mean ± SEM; n = 6–8 mice per group. The P-values were calculated using one-way ANOVA. ∗P < 0.05 vs. vehicle group;
#P < 0.05, ##P < 0.01 vs. MPTP-induced group.

conferred protection against MPTP-induced neurodegeneration
(Du et al., 2001; Nomura et al., 2011; Świa̧tkiewicz et al., 2013).
The bioflavonoid compound pycnogenol, which is commonly
used as a dietary supplement to suppress inflammation, alleviated
MPTP-associated motor impairment and the inflammatory
responses of astrocytes and microglia in a mouse model
of PD (Khan et al., 2013). Likewise, minocycline which
has anti-inflammatory properties blocked the activation of
macrophages in the brain to protect against apoptosis in vitro
(Duan et al., 2002) and in animal models of PD (Du
et al., 2001; Wu et al., 2002). Thus, neuroinflammation is a
major mechanism underlying PD, and early intervention with
anti-inflammatory agents is a potential strategy for inhibiting PD
progression. It is worth noting that Dinda et al. (2019) compared
the effects of catalpol, geniposide, and harpagoside. Catalpol
exhibits significant advantages of neuroprotective potential in
the intervention of PD (Dinda et al., 2019). Catalpol could
protect the neurons from MPP+-induced toxicity in vitro (Tian

et al., 2006). Catalpol can pass the blood-brain barrier. Catalpol
treatment markedly protected the neurons of PD mice brain
from degeneration through improving antioxidant status (Mao
et al., 2007). Catalpol obviously mitigated the loss of dopamine
transporter density and TH positive neurons and improved the
locomotor ability of PD mice (Xu et al., 2010). We previously
reported that catalpol could alleviate β-amyloid toxicity and
neuroinflammatory reactions (Wang N. et al., 2018). It is
considered that catalpol has the potential property of slowing
down the neurodegenerative process in PD.

In this study, the inflammatory response in the mouse
brain was accompanied by MPTP-induced neuronal apoptosis,
as evidenced by the upregulation of cleaved caspase-3 and
cleaved caspase-9 both effects in the extrinsic apoptosis pathway
(Zou et al., 1997) relative to vehicle-treated control animals.
Additionally, the decrease in Bcl2/Bax ratio upon MPTP
treatment indicated that the intrinsic apoptosis pathway was
activated (Falschlehner et al., 2007). The presence of reactive
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FIGURE 6 | Catalpol treatment suppresses microglia and astrocyte activity induced by MPTP. (A) Frozen sections of the SN were labeled with anti-TH (red) and
anti-GFAP (green) antibodies to detect DA neurons and astrocyte activity, respectively. Scale bar = 100 µm. (B) Brain sections were labeled with anti-TH (green) and
anti-Iba1 (red) antibodies to assess microglia activity in the SN. Scale bar = 100 µm; n = 6.

astrocytes and activated microglia confirmed MPTP-induced
inflammation in our mouse model of PD, whereas the
downregulation of GAP43 and VEGF proteins reflected
MPTP-mediated neurodegeneration. It is generally accepted
that GAP43 is an important biomarker for adult neurogenesis.
GAP43 decline is related to the increase of apoptotic cells (Wang
Z. et al., 2018). Meanwhile, the behavioral deficits observed
in MPTP-treated mice were consistent with nigrostriatal DA
neuron injury. The schemes of MPTP-caused PD-like pathology
include three types: acute, subacute, and chronic (Petroske et al.,
2001; Selvakumar et al., 2014; Ren et al., 2015). The subacute
model is often chosen to investigate the effects of interventions
due to its advantages in the period and the similarities to PD.
Whereas, MPTP subacute administration-induced alterations
and the proper positive control are still needed to be further
confirmed. In the present study, the subacute MPTP paradigm
failed to trigger the typical movement deficits despite the
dopaminergic neuron damage. Instead of motor defects, the

results of the OFT in our study showed that MPTP-managed
mice exhibited behavioral defects relative to controls. Nonmotor
characteristics of PD with nigrostriatal circuit degeneration
perform anxiety-like behaviors (Santiago et al., 2010). So, in
the present study, it is important to assess the validity of a
candidate based on its effects on the dopaminergic neurons and
behavioral examination related to nonmotor characteristics of
PD. It is reported that catalpol reduced inflammatory cytokine
levels and improved cholinergic function in a mouse model of
senescence (Zhang et al., 2013), and protected pre-myelinating
oligodendrocytes against ischemia-induced injury in vitro
(Cai et al., 2016) while alleviating atherosclerosis (Zhang
Y. et al., 2018) and modulating Bcl-2/Bax ratio to suppress
endothelial cells apoptosis induced by hydrogen peroxide
(Hu et al., 2010). We selected catalpol as our candidate for
PD intervention. It has been reported that MPTP treatment
could cause olfaction dysfunction, gastrointestinal injury,
bladder impairment, and other nonmotor symptoms except for
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FIGURE 7 | Catalpol suppresses MPTP-induced inflammation and promotes neural regeneration in the SN of mice. (A) Western blot analysis of GFAP, Iba1, IL-1β,
TNF-α, and NLRP3 protein expression in the SN of mice. (B–F) Catalpol blocks MPTP-induced astrocyte and microglia activation inhibits IL-1β and TNF-α, and
suppresses NLRP3 production. (G–I) Growth-associated protein 43 (GAP43) and vascular endothelial growth factor (VEGF) protein expression detected by western
blotting. Data represent mean ± SEM; n = 7 mice per group. The P-values were calculated using one-way ANOVA. ∗P < 0.05 vs. vehicle group; #P < 0.05,
##P < 0.01 vs. MPTP-induced group.

near-total damage of the striatal dopaminergic input (Taylor
et al., 2010; Duty and Jenner, 2011). Several studies have shown
that antioxidants pretreatment prior to the induction of PD with
MPTP could provide more effective neuroprotection against
the cytotoxic effects (Lee et al., 2011; Wang et al., 2015). We
then administrated the mice by intraperitoneal injection with
catalpol ahead of MPTP treatment. Consistent with previous
studies (Bi et al., 2008b; Jiang et al., 2008), we demonstrated
that catalpol has neuroprotective effects in PD, as evidenced
by the restoration of DA neurons in the SN and striatum
of MPTP-treated mice and the corresponding increase in
exploratory behavior. Immunohistochemical detection of TH
showed that catalpol intervention prevented MPTP-induced loss
of TH+ cells, suggesting that it can improve the TH deficiency
observed in PD patients (Moore et al., 2005). Catalpol treatment
alleviated the MPTP-induced downregulation of GAP43 and
VEGF proteins, which suggested that catalpol may induce
regeneration. Although no significant differences were observed
in the scores during the pole climbing and rotarod tests among
the vehicle-, MPTP- and MPTP plus catalpol-treated mice, in
the OFT, MPTP-lesioned mice exhibited significant thigmotaxis,
traveling a shorter total distance and passing fewer times through
the center of the open field relative to the vehicle group, whereas,
these behavioral impairments were abolished by catalpol
treatment. Our findings demonstrated that catalpol could

improve some behavioral defects in PD. Xu et al. (2010) observed
significant locomotor impairments in the MPTP-triggered PD
mouse model, and catalpol treatment could improve the motor
performances of these mice. Those incongruences are in contrast
with our results perhaps because of the differences in the PD
mouse model type (an MPTP-induced chronic paradigm),
the dose of catalpol intervention (high dose at 50 mg/kg) and
an extended period of time (8 weeks of catalpol treatment)
in Xu’s study.

In obese mice, catalpol was shown to mitigate inflammation
by blocking JNK signaling (Santiago et al., 2010). In the
present study, MPTP induced an increase in MKK4 and JNK
phosphorylation, which was accompanied by dopamine
depletion in a mouse model of PD. The increased
phosphorylation of c-Jun in the brain of MPTP-treated mice
suggested an enhancement of c-Jun transcription through JNK
activation (Zhou et al., 2015) as previously reported (Derijard
et al., 1994), suggesting that MPTP-induced MKK4/JNK/c-
Jun signaling is involved in DA neurons degeneration in PD.
Catalpol treatment reversed the MPTP-induced phosphorylation
of MKK4 and JNK and c-Jun expression, suggesting that it
suppresses MKK4/JNK/c-Jun signaling. Given the critical role of
JNK in linking inflammation and apoptosis (Dunn et al., 2002;
Waetzig et al., 2005; Perier et al., 2007), catalpol may prevent
neurodegeneration by targeting this pathway.
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Oxidative stress promotes inflammation and causes cell
damage (Haddad, 2002). In general, inflammation is a protective
response against cell injury that involves the destruction and
removal of detrimental components to restore cellular function.
DA neurons are highly susceptible to ROS-mediated injury
(Miyazaki and Asanuma, 2008); on the other hand, ROS
activate pro-inflammatory signaling in glia, thereby stimulating
a sustained inflammatory response. Chronic inflammation
ultimately destroys normal tissue. TNF-α, which is released by
reactive astrocytes and activated microglia, modulates oxidative
stress and inflammation in neurodegenerative diseases (Fischer
and Maier, 2015). Elevated TNF-α levels due to systemic
inflammation are associated with the decline of DA neurons
in PD (Sriram et al., 2006; Allegra Mascaro et al., 2013), and
TNF-α level was found to be elevated in the midbrain of a
PD mouse model; in fact, the initial oxidative insult in the
induction of PD caused a loss of ventral midbrain DA neurons
that triggered an inflammatory response (Srivastava et al.,
2012). TNF-α promotes neurodegeneration by stimulating ROS
production and release. In our study, TNF-α and Il-1β levels
were increased in the brain of MPTP-treated mice relative
to controls, which is in accordance with previous findings
(Chung et al., 2010; Lofrumento et al., 2011). Interestingly,
catalpol administration reversed the MPTP-induced decreases
in SOD1, NLRX1, and GPX4 protein expression, indicating
that the antioxidant defense capacity was enhanced.
Moreover, catalpol reduced the levels of the proinflammatory
cytokines TNF-α and IL-1β and NLRP3 inflammasome
components. These results indicate that catalpol mitigates
MPTP-induced oxidative stress to prevent chronic inflammation
and neurodegeneration.

In summary, the results of this study demonstrate that catalpol
treatment alleviates MPTP-induced degeneration of DA neurons
in vivo. The neuroprotective effects of catalpol are at least partly
due to the attenuation of inflammation, enhance antioxidant
defense and reduce oxidative stress, and inhibition of apoptosis in
DA neurons of the SN and striatum through downregulation of

MKK4/JNK/c-Jun signaling. Our findings highlight the clinical
potential of catalpol for the management of PD symptoms.
The pre-treatment with candidate agents for PD intervention
is limited by the specific biomarkers that could confirm the
asymptomatic stage of PD. Extensive experiments, pre-clinical
and clinical evaluation need to be performed.
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