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Objective: This research was aimed to investigate the effects of baicalin on 6-hydroxydo-
pamine (6-OHDA)-induced rat model of Parkinson’s disease (PD) and the main mechanism
of baicalin based on metabolomics.

Methods: The rat model of PD was induced by 6-OHDA. The protective effects of baicalin on
rat model of PD were evaluated by open field test and rotarod test. The anti-PD efficacy of
baicalin was evaluated by examining the morphologic changes of neurons and the level of
monoamine neurotransmitters in the striatum, the number and morphology of tyrosine hydro-
xylase (TH)-positive neurons, and oxidative stress. Combined with metabolomics methods, the
pharmacodynamic mechanism of baicalin on PD pathogenesis was also explored.

Results: Baicalin treatment improved the rod time and voluntary movement in rat model of PD
(P<0.05) by the open field test and rotarod test. In addition, baicalin also protected from oxidative
stress injury (P<0.05), and regulated the content of monoamine neurotransmitters dopamine,
3,4-dihydroxyphenylacetic acid, 5-hydroxytryptamine, and 5-hydroxyindoleacetic acid (P<0.05)
and the number and morphology of TH-positive cells in 6-OHDA-induced PD model rats. By
metabolomics, multivariate statistical analysis, and receiver operating characteristic curve ana-
lysis, we found that two metabolites N-acetyl aspartic acid and glutamic acid had a good
diagnostic value. Quantitative analysis of metabolites showed a regulatory function of baicalin.
Conclusion: Baicalin has significant protective effect on 6-OHDA-induced PD rats, which
may play a protective role through an antioxidant, promoting the release of neurotransmitters
and regulating the metabolism of N-acetyl aspartate and glutamate.
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Introduction

Parkinson’s disease (PD) is a common neurodegenerative disease in the elderly. The main
pathologic mechanism is the gradual degeneration and loss of dopamine (DA) neurons in
the substantia nigra compacta, resulting in the lack of neurotransmitter DA in the brain.
However, due to the complex etiology of PD, pathogenesis has not yet been fully
elucidated. It is widely believed that PD is a progressive and deteriorating polycentric
neurodegenerative disease associated with neurotransmitter systems. The main clinical
symptoms are abnormal voluntary movement such as rest tremor, bradykinesia, rigidity
and posture balance, and cognitive dysfunction.' ™ At present, the existing anti-Parkinson
drugs can only improve the effect of symptoms, however not delay the process of disease,
and not prevent the degeneration of DA neurons. In recent years, the treatment of PD is
mainly concentrated on neuroprotective factors, neurotrophic factors, and growth factors
such as dopamine. A large number of studies showed increased oxidative stress and iron
in substantia nigra (SN) in PD patients.
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Elevated activity of iron can promote oxidative stress,
leading to a large number of oxygen free radicals. Excessive
active iron can promote the occurrence of oxidative stress,
resulting in a large number of oxygen free radicals, resulting
in cell death.”™®

Baicalin is isolated from Labiatae Scutellaria Linn
Scutellaria baicalensis Georgi dry roots and extracted from
flavonoids. Baicalin has antibacterial, antiviral, anti-
inflammatory, antitumor, cardiovascular, and neuroprotective
activities. Studies show that baicalin is protective on rotenone-
induced and MPTP-induced dopaminergic neuron damage in
PD model rats.”'® Baicalin downregulated iron concentration,
which positively regulated divalent metal transporter 1 expres-
sion and negatively regulated ferroportin 1 expression, and
decreased iron accumulation in the SN.!! Baicalin and defer-
oxamine alleviate iron accumulation in different brain regions
of PD rats.” Preventive medication of baicalin shows
a protective effect on C57 BL mouse with PD.'" However,
MPTP-induced motor dysfunction in model mouse was not
significantly improved by a short-time medication.

Metabolomics is a new method that can identify all
metabolic components quickly. Potential biomarkers can
be identified to evaluate subtle pathophysiologic stress by
metabolomics. It is mainly for the qualitative analysis of
all endogenous small molecular metabolites in the body
under a specific physiologic cycle or physiologic condi-
tion, and quantitative study of multiple dynamic responses
of living body to external stimuli, pathophysiologic
changes, and its own gene mutation caused by its metabo-
lite level in vivo.'>'* So far, nuclear magnetic resonance
(NMR) is the most commonly used, and the main advan-
tage of NMR is that sample can be detected without bias
and with good reproducibility.'> "

In the current study, the PD rat model was established by
6-hydroxydopamine (6-OHDA), which is a kind of nerve
agent. The selective destruction of 6-OHDA caused the
destruction of DA synthesis and the normal transport to the
striatum, and the DA content in the striatum of the lesioned
rats decreased, which results in similar symptoms to human
PD."® We report the pharmacodynamic role of baicalin,
which can improve the behavior and neurotransmitter
changes, apoptosis and morphology of dopaminergic neu-
rons, and oxidative stress injury. We also explore the poten-
tial pathogenesis of PD and the pharmacodynamic
mechanism of baicalin by metabolomics. This provides
a new direction for the development of PD treatment. The
purpose of this study is to systematically evaluate the neuro-
protective mechanism of baicalin on 6-OHDA-induced PD

rats, and to explore the neuroprotective mechanism of baica-
lin and the pathogenesis of PD by metabonomics.

Materials and methods

Reagents and instruments

6-OHDA, 3,4-dihydroxyphenylacetic acid (DOPAC), and
DA were purchased from Sigma (St. Louis, MO, USA).
High-performance liquid chromatography (HPLC)-grade
methanol was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Baicalin was purchased from
Institute of Biochemistry (Shanghai, China); malondialde-
hyde (MDA), superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and catalase (CAT) were all pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Protein concentration determination kit
was purchased from Beyotime Biotechnology (Haimen,
Jiangsu). Rat tyrosine hydroxylase (TH) monoclonal anti-
body was purchased from Dako (Denmark).

Stereotaxic instrument (DW-200; Chengdu Thaimeng
Technology Company) microdialysis system includes CMA
402 microdialysis pump, CMA 12 microdialysis probe, can-
nula, and CMAI120 (CMA/Microdialysis, Stockholm,
Sweden).

Animal grouping and administration

Ninety male specific pathogen free Sprague Dawley (SD)
rats, weighing 250-280 g, were from SLAK Laboratory
Animal Shanghai, China. All animals were housed in
a ventilated, dry, and quiet environment with 12-hour light—
dark cycle at room temperature (25°C) and 45%—55% rela-
tive humidity. Rats were acclimated for a week. Routine
behavioral tests were performed to ensure that all rats had
no abnormal rotation behavior. Seventy-five SD rats were
anesthetized with an intraperitoneal injection of 10% chloral
hydrate and then a microsyringe was used to aspirate
a solution containing a 1.5 pg/ul. 6-OHDA and 2.0 g/L. of
vitamin C solution in 10 pL saline. Injection was done at
a flow rate of 10 nL/s by a micropump into the right striatum
of the brain (the anterior fontanel 0.7 mm, the right midline
3.0 mm, and the subdural 5.5 mm). To fully disperse the drug,
5 pL injection was finished and retained for 5 minutes. After
the last injection, the needle was retained for 10 minutes.
Finally, the needle was slowly withdrawn and the wound was
stitched. Seven rats died during the model building. Another
16 sham-operated rats were selected and operated according
to the above method and the same volume of physiologic
saline containing 2.0 g/L vitamin C was injected. One rat
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died during the sham operation. All operations were sterile
with intramuscular injection of penicillin 200,000 units only
before rats awakened. One week after surgery, behavioral
testing was conducted.'® The success of the model was
evaluated by the open field test and the rotarod test. The
results showed that the PD model was established success-
fully, except that it was unsuccessful in seven rats. A total of
60 rats had PD model successfully established in our experi-
ment. The model rats were randomly divided into four
groups: PD group, PD + baicalin low-dose group (50 mg/
kg), PD + baicalin middle-dose group (100 mg/kg), PD +
baicalin high-dose group (150 mg/kg). Rats were continu-
ously administered with baicalin for 8 weeks.?’*' The study
was performed in strict accordance with the National
Institutes of Health guidelines for the care and use of labora-
tory animals. All experiments were performed following
Guizhou Provincial People’s Hospital and national guide-
lines and regulations, and the experiment was approved by
the ethics committee of Guizhou Provincial People’s
Hospital.

Rotarod test and open field test

Rotarod test is often used to test fatigue, motor coordination,
and degree of damage recovery. The rotarod test was com-
monly used to judge the success of the model, the degree of
damage, and the treatment effect in the study of PD.
Therefore, in our experiment, the rotarod test was used to
evaluate the success of the model and the anti-PD efficacy of
baicalin. A weekly rotarod test was carried out to evaluate the
efficacy of baicalin.*?

Open field test is an experiment used to detect the
voluntary movement, anxiety, and exploratory behavior in
new environment. The number of crossing the grid and
upright are indicators of voluntary movement and limb
activity in rats. In the experiment, the rats were placed in
the central grid of the mine to adapt for 2 minutes and then
number of crossing the grid and erect times are recorded to
evaluate the degree of damage in the later 4 minutes.”

Determination of the activity of SOD,
GSH-Px, and CAT and the content of
MDAIin striatum

After the behavioral experiment, the left striata of the
experimental rats were removed. The cell lysate was
added into the tissue in the ratio of 9:1. Then they were
centrifuged at 3,000 rpm/min for 10 minutes. The super-
natant was collected and the activity of SOD, CAT, and

GSH-Px and the content of MDA were measured. All
experiments were done according to the manufacturer’s
instructions.

Determination of monoamine
neurotransmitters DA, DOPAC,
5-hydroxytryptamine (5-HT), and
5-hydroxyindoleacetic acid (5-HIAA) in
striatum

After drug administration for 8§ weeks, the rats were
anesthetized and the probe was slowly inserted into the
striatum and the catheter was embedded at a depth of
5 mm using a stereotaxic instrument and fixed with three
screws around the catheter followed by dental cement
fixation. Microdialysis probes for brain tissue microdialy-
sis sampling were inserted into guide cannulas. Samples
were collected in awake rats at a rate of 1 puL/min. To
remove the effect of surgery on rats, the sample was
discarded for the first 90 minutes, then immediately ana-
lyzed by HPLC electrochemical detection.

Morphologic observation of brain

After behavioral tests, the rats in each group were anesthe-
tized with 10% chloral hydrate and were killed. Then the
brain tissue was quickly taken out and fixed in parafor-
maldehyde solution. The brain tissues were embedded by
paraffin, and the consecutive coronal sections in the
mesencephalic SN (thickness: 5 pm) were sliced up.
Immunohistochemistry was used to examine the expres-
sion level of TH in SN. To further observe the ultrastruc-
ture of neurons, isolated SN was cut into pieces of 1 mm3
in size. They were double fixed with 2.5% glutaraldehyde
and 1% osmium tetroxide and were subjected to a graded
series of acetone-ethanol to dehydrate. The embedded
brain tissues were sliced up with the thickness of 70-90
nm. Then the sections were double stained by uranyl
acetate and lead citrate followed by transmission electron
microscopy and imaged at 120 kV.>*

Sample preparation and determination

for metabolomics

After behavioral tests, the rats in each group were anesthe-
tized with 10% chloral hydrate and were killed. Then the
brain tissue was quickly taken out. The right striatum was
isolated, quenched in liquid nitrogen rapidly, and then
saved at -80°C. Before the preparation of nuclear magnetic
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samples, the striatum was unfrozen at room temperature,
accurately weighed, placed in centrifuge tube, added
4 mL/g cold methanol and 0.85 mL/g distilled water, and
homogenized with a glass homogenizer followed by vor-
tex. Fifteen seconds later, 2 mL/g of chloroform was
added, vortexed for 15 seconds, and then centrifuged at
3,000 rpm for 10 minutes at 4°C. The supernatant was
lyophilized and then dissolved in 600 pL of H,O. Five
hundred fifty microliters of supernatant was added to
magnetic tube with a diameter of 5 mm for 1H-NMR
analysis.

NMRdata processing and analysis

The samples were analyzed by 600 MHz ' H-NMR spec-
troscopy measured by the Carr—Purcell-Meiboom—Gill
pulse sequence with a scan time of 64 seconds. The
sampling time was 5 seconds, while the other data are as
follows: the sampling interval 40.5 seconds, the spectral
width 12,345.679 Hz, the pulse interval 1 second, the
delay time 1.0 second, the spectral width 12,345.7 Hz,
the pulse time 14 seconds, and the sampling data point
65,536.

Statistics and data analysis

All statistical analyses were conducted using SPSS 19.0.
Data were mean + standard error of the mean (SEM). One-
way ANOVA and Student's ¢-test were used for multiple-
group comparison. The difference was considered statisti-
cally significant when a P-value was <0.05.

Results

Effect of baicalin on riding time in
6-OHDA-induced PD rat model

The rats were placed on the rod. Each rat was placed in
a separate chamber. The latency to fall was also recorded.
It was tested three times for 60 seconds and the average
was taken. Rats had a 30-minute rest time to restore their
physical strength. The rats in the sham group were able to
move at a normal speed on the rotor, while in the PD
group, there were obvious characteristics of abnormal
behavior such as weakness of limbs and dislike activities
on the rotating rod, and the movement time was shortened
obviously on the rotating rod (P<0.05) significantly
(Figure 1). After continuous administration of baicalin
for 8 weeks, the limb weakness and other characteristics
in each group were significantly improved with varying
degrees of increase in the time on the rods. There were
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Figure | Effect of baicalin on rod time of 6-hydroxydopamine-induced PD rat
model.

Notes: Values are expressed as mean + SEM. n=15. *P<0.05, **P<0.01 compared to
that after administration appropriately.

Abbreviations: PD, Parkinson’s disease; SEM, standard error of the mean.

significant differences between before and after adminis-
tration of medium dose and high dose (P<0.05).

Effects of baicalin on voluntary movement
in 6-OHDA-induced PD rat model

Open field test is used to observe the voluntary movement
of rats in the enclosed environment. As shown in Figure 2,
the sham-operated rats had no significant symptoms of
stiffness, physical tremor, and other abnormal behaviors.
Compared to the sham-operated group, the voluntary move-
ment, the number of rearing, and squares traversed were
decreased (Figure 2A and B, P<0.05) with obvious timid
and other behavioral traits in the model rats. After admin-
istration of baicalin, the voluntary movement of each group
was partially reversed and the number of squares traversed
and upright were significantly reversed in the middle-dose
and high-dose groups (Figure 2A and B, P<0.05), indicating
that baicalin can improve voluntary movement dysfunction
in 6-OHDA-induced PD rat model.

Effects of baicalin on the activities of
SOD, CAT, GSH-Px, and MDA content in

striatum of 6-OHDA-induced PD rat

model

The loss of DA cells in the brain of PD patients is mainly
caused by oxidative stress. SOD, CAT, GSH-Px activity,
and MDA content in the body are the indicators of oxida-
tive stress. The results showed that the activities of SOD
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Figure 2 Effect of baicalin on voluntary movement of PD rat model.

Notes: (A) The analysis of number of rearing; (B) the analysis of number of crossing. Values are expressed as mean = SEM. n=10. *P<0.05, **P<0.0| compared to the sham

group; #P<0.05, #P<0.01 compared to the PD group.
Abbreviations: PD, Parkinson’s disease; SEM, standard error of the mean.

(Figure 3A), CAT (Figure 3B), and GSH-Px (Figure 3C) in
the model group were significantly decreased and MDA
content (Figure 3D) increased compared to the sham-
operated group. These results indicated that the model
rats were in oxidative peroxidative stress. After adminis-
tration of baicalin, the activities of SOD, CAT, GSH-Px,
and the content of MDA in the model rats were all res-
cued, especially in the middle-dose and the high-dose
groups. Together, these results show that baicalin protects
rats from 6-OHDA-induced oxidative damage.

Effects of baicalin on monoamine
neurotransmitter in the striatum of
6-OHDA-induced PD rat model

DA is a key neurotransmitter controlling movements.
When 80% dopaminergic neurons are lost in the nigros-
triatal nucleus and DA levels are reduced in the striatum,
symptoms of PD appear. Previous studies showed that the
occurrence of PD is associated with decrease in neuro-
transmitter levels. When striatum is damaged in patients
and DA levels reduced, syndrome of tremor and paralysis
gets aggravated. Decreases in the DA metabolite DOPAC
and the content of 5-HT and 5-HIAA were accompanied
with that. The results showed that the contents of DA,
DOPAC, 5-HT, and 5-HIAA in the model group were
lower than those in the sham-operated group (Table 1).
After administration of baicalin, the levels of monoamine
neurotransmitters were reversed, which indicate that

baicalin can promote the release of monoamine neuro-

transmitters to improve movements.

Effect of baicalin on neurons in 6-OHDA-

induced PD rat model

TH immunohistochemistry (Figure 4) showed that TH-
positive neurons had a clear shape, high TH expression,
and strong immunocompetence in the SN of rats in the
sham-operated group. However, in PD model group, the
number of TH-positive neurons in the brain was signifi-
cantly decreased, TH levels were poor, the cytoplasm
color was light, and the cell morphology blurred com-
pared to the sham-operated group. After administration of
baicalin, the number of neurons was increased. The effect
of medium- and high-dose groups was obviously better
than that in the low-dose group. Number of TH-positive
cells increased with darker cytoplasm and clear cell
morphology.

Transmission electron microscopy revealed that neu-
rons in the sham-operated group (Figure 4) were structu-
rally intact with normal cell morphology, which suggests
that surgery did not induce damage. In the PD group,
neurons shrunk, and chromatin coagulated and showed
apoptosis-like morphology, which was typical of late-
stage apoptosis. After administration of baicalin, the mor-
phology of neurons in all groups was improved with the
nuclear membrane integrity, especially normal cell mor-

phology in medium- and high-dose groups.
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Figure 3 Effect of baicalin on the activities of SOD, CAT, GSH-Px, and MDA content in the striatum of PD rat model.

Notes: (A) SOD activity in different groups; (B) CAT activity in different groups; (C) GPx activity in different groups; (D) MDAIn different groups. Values are expressed as
mean + SEM. n=10. ¥P<0.05, **P<0.0] compared to the sham group; "P0.05, *P0.01 compared to the PD group.

Abbreviations: CAT, catalase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; PD, Parkinson’s disease; SEM, standard error of the mean; SOD, superoxide dismutase.

NMR identification and multivariate

statistical analysis
The compounds were assigned according to the literature and
combined with the databases HMDB (http://www.hmdb.ca)
and BMRB (http:/www.bmrb.wisc.edu/). The identified
metabolites mainly include amino acids, organic acids, and
sugars (Table S1).

The data were analyzed by OPLS-DA. As shown in
Figure 5A, the model group could separate from the blank

group, indicating that the metabolic state changed in PD
rats. The high-dose group was close to the sham-operated
group, while the low-dose group was close to the model
group, which indicates that baicalin could regulate the
metabolism in rats. As shown in Figure 5B, the sham-
operated group could separate from the blank group in the
PCA score chart, indicating that the metabolic profile of the

two groups underwent significant changes. The model was
valid and could be used for subsequent analysis (Figure 5C).
To further find potential biomarkers of the development of
PD, load analysis was performed using OPLS-DA and
S-plot (Figure 5D) in combination with VIP values
(VIP>1) and found a total of nine differential metabolites
that contributed much to the group: N-aspartic acid, aspartic
acid, glutamic acid, gamma-aminobutyric acid, glycine,
taurine, succinic acid, creatine, and lactic acid. They may
correlate with the occurrence of PD. Statistical analysis of
the peak areas of the nine metabolites showed that baicalin
regulated six metabolites: N-acetyl-aspartate (NAA), aspar-
tate, glutamate (Glu), y-aminobutyric acid, glycine, and
taurine. The results shown above suggest that the effect of
baicalin on PD rat model may be related to the metabolic

pathways.
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Table | Levels of four monoamine neurotransmitters in the striatum of 6-hydroxydopamine-induced PD rat model
Sham (ng/g) PD (ng/g) PD (ng/g)
50 mg/kg 100 mg/kg 150 mg/kg
DA 504.87+53.2 178.21+22.5%* 264.18+31.7 371.81+41.3# 488.53+48.2##
DOPAC 471.10£27.8 144.36+19.3%* 206.49+21.8 349.9 14253 1## 463.59+27.7##
5-HT 205.81+24.6 89.50+9.8%* 118.38+15.8 158.73£18.21# 198.87+20.34##
5-HIAA 293.57+28.54 145.72+18.9%* 189.45+20.5 238.39+20.7## 279.86+19.8##

Notes: **P<0.0] compared to the sham group; #P<0.05, ##P<0.01 compared to the PD group.
Abbreviations: DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-hydroxyindoleacetic acid; PD, Parkinson’s disease.

Receiver operating characteristic (ROC)

curve analysis

The ROC curve was used to evaluate and predict the diagnos-
tic capabilities of the six differential metabolites. The area
under the ROC curve (AUC) can reflect the diagnostic ability
and accuracy of potential biomarkers. Generally when AUC
value is higher than 0.9, the biomarker is considered to have
better diagnostic ability and higher accuracy. When AUC
value is between 0.7 and 0.9, it indicates that the potential
diagnostic biomarker is accurate to some extent. AUC value
between 0.5 and 0.7 indicates that accuracy is low with no
diagnostic value. ROC curve analysis of the above six poten-
tial biomarkers was performed. A total of two potential diag-
nostic biomarkers (Figure 6), NAA and Glu, was found with
a threshold of 0.9. AUC values are 0.937 and 0.941.

Determination of NAA and Glu levels
To further evaluate the role of NAA and Glu in the
pathogenesis of PD, quantitative analysis by MRS showed

Sham

PD + 50 mg/kg _

that NAA was decreased and Glu was increased. After
administration of baicalin, the levels of NAA and Glu
significantly reversed (Table 2).

Discussion
PD is a degenerative disorder in the central nervous system
caused by the loss of SN dopaminergic neurons gradually. The
major pathologic change in PD is degeneration of neurons and
loss of dopaminergic neurons in the SN and striatum, which
leads to decreased DA levels. In addition, degenerative neu-
rons are also vulnerable to oxidative stress injury in the brain of
PD patients, which led to the severe pathology. Therefore,
oxidative stress is an important indicator of PD. 6-OHDA
unilateral nigrostriatal injection is a well-established model
for PD. Therefore, 6-OHDA-induced PD model rats were
used to explore the therapeutic effect and main mechanism of
baicalin.>> %’

Our study found that when DA neurons were impaired in
the SN and striatum of PD patients, the movement of PD

PD + 100 mglkg_ PD + 150 mg/kg__

o o 4 fiod
g 7

Figure 4 Effect of baicalin on TH-positive neurons in the brain of 6-OHDA-induced PD rat model.

Note: Effect of baicalin on neurons in the brain of 6-OHDA-induced PD rat model.

Abbreviations: 6-OHDA, 6-hydroxydopamine; TEM, transmission electron microscopy; TH, tyrosine hydroxylase; PD, Parkinson’s disease.
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Figure 5 Effect of baicalin on the metabolic profile in the striatum of PD rat model. (A) The metabolic state changed in PD rats; (B) the metabolic profile of the two groups
undergone significant changes; (C) the model was valid and could be used for subsequent analysis; (D) load analysis was performed using OPLS-DA and S-plot.

Abbreviation: PD, Parkinson’s disease.

patients was impaired and the abnormal rotation occurred in
PD model rats.28 Therefore, rotarod test and open field test
were used for examination of the efficacy of baicalin on PD rat
model. After continuous administration of baicalin for §
weeks, rotarod test and open field test results in PD-treated
groups were significantly improved, indicating that baicalin
could improve spontaneous activity dysfunction in 6-OHDA-
induced PD rat model.

DA synthesized by DA neurons is mainly transported via
axons to the striatum. DA is an important monoamine neuro-
transmitter in the brain and PD dyskinesia correlated with DA
levels. In addition, studies found that 5-HT neurons in degen-
erative diseases might be associated with sleep and breathing
disorders in PD patients.”’ Therefore, our study detected the
DA, and 5-HT and its metabolites, and results showed that the
levels of monoamine neurotransmitters significantly reduced
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Figure 6 Receiver operating characteristic curve analysis of NAAand Glu.
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Abbreviations: AUC, area under the receiver operator characteristic curve; Glu, glutamate; NAA, N-acetyl aspartate.

in the striatum of 6-OHDA-induced rat model. After contin-
uous administration of baicalin, the levels of monoamine
neurotransmitters in striatum were significantly reversed, indi-
cating that baicalin could promote the release of monoamine
neurotransmitters and improve movement. This was consistent
with the behavioral results.30,31 In addition, apoptosis of the
SN neurons also led to a decrease in the TH content in the
striatum. Therefore, studies have shown that neurons in SN
and apoptosis of dopaminergic neurons led to reduced dopa-
minergic neurotransmission. Our study shows that baicalin can
inhibit the apoptosis.

Oxidative stress is the main factor leading to the apopto-
sis of DA neurons in the brain of PD patients. A large number
of studies show that PD patients are in a state of oxidative
stress. Excessive free radicals can induce protein, lipid per-
oxidation, and DNA strand breaks, which induce neuronal
apoptosis in turn. 6-OHDA can be absorbed by the SN and
striatum and produce oxygen free radicals after metabolism,
which leads to apoptosis of DA neurons. SOD, CAT, GPx
activity, and MDA content are important indicators of oxida-
tive stress.32 The results showed that the activities of SOD,
CAT, and GPx in the striatum of 6-OHDA-induced PD model

Table 2 NAAand Glu concentration (pmol/L, x#s) in rat striatum

rats decreased while the content of MDA increased, which
indicated that the striatum was in a state of oxidative stress.
After continuous administration of baicalin, the activities of
SOD, CAT, and GPx and the content of MDA were signifi-
cantly reversed, demonstrating that baicalin can protect
6-OHDA-induced oxidative stress injury in PD model rats.
Studies in recent years showed that amino acid neurotrans-
mitter in the brain is also of great significance for the occur-
rence of PD. Therefore, we explored the changes of
metabolites and the therapeutic mechanism of baicalin in the
brain of 6-OHDA-induced PD rats by metabonomics. A total
of six differential metabolites were found by ' H-NMR meta-
bolomics combined with far-reaching statistical analysis and
t-test. To assess the diagnostic capabilities of the six differen-
tial metabolites, the six metabolites were analyzed by ROC-
binding AUC. The diagnostic ability of NAA and Glu is
better. NAA is a hallmark of neuronal changes in the brain,
and a decreased level suggests a loss or dysfunction of
neurons.>® Excitatory amino acid Glu is mainly involved in
synaptic excitability transmission, learning and memory for-
mation, and neurodegenerative diseases. When Glu is abnor-
mally elevated, DA receptors on DA neurons are activated.

Sham PD PD + 50 mg/kg PD + 100 mg/kg PD + 150 mg/kg
NAA 33.07+2.31 19.41+2.45%* 23.84+3.08 28.56+2.96# 31.88+2.81#
Glu 41.81+3.57 24.57+2.89%* 28.59+2.87 34.67+3.58# 39.49+3.28#
Notes: **P<0.0| compared to the sham group; #P<0.05 compared to the PD group.
Abbreviations: Glu, glutamate; NAA, N-acetyl aspartate; PD, Parkinson’s disease.
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These result in an increase in intracellular Ca>" levels, and
lead to the destruction of cytoskeleton and degenerate neu-
rons, which is also an important pathologic feature of PD.**>
In our study, quantitative analysis of the content of NAA and
Glu in the striatum by MRS showed that the content of NAA
in the model group decreased and the content of Glu
increased. After continuous administration of baicalin for 8
weeks, the content of baicalin significantly changed, indicat-

ing that baicalin may play a role by targeting to NAA and Glu.

Conclusion

In conclusion, our results showed that baicalin can prevent
neurodegeneration in 6-OHDA-induced PD rats through
antioxidative stress, inhibition of apoptosis of dopaminergic
neurons in SN, and regulation of monoamine neurotransmit-
ter release. The main mechanism of baicalin may be by the
regulation of NAA and Glu metabolism. This study explored
the pathogenesis of PD and the mechanism of baicalin
against PD by metabonomics technology, which provided
a basis for subsequent researchers to understand the patho-
genesis of PD and explore the mechanism of action of drugs.
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