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Abstract
Taurine (Tau) is one of the most abundant amino acids in the brain and regulates physiological functions in the central nerv-
ous system, including anti-inflammatory effects. There is growing evidence that microglia-mediated neuro-inflammatory 
responses are an integral part of Parkinson’s disease (PD) onset and progression. Among the many factors regulating the 
inflammatory response, phosphatidylinositol-3 kinase (PI3K) is susceptible to activation by a variety of cytokines and 
physicochemical factors, and subsequently recruits signaling proteins containing the pleckstrin homology structural domain 
to further regulate protein kinase B (AKT) expression involved in the regulation of the intracellular immune response and 
inflammatory response. Therefore, we established a PD mouse model using paraquat (PQ) intraperitoneal injection staining to 
explore the mechanism of Tau action on PI3K/AKT signaling pathway. Our study showed that PD mice with Tau intervention 
recovered motor and non-motor functions to some extent, and the number of dopaminergic (DAc) neurons in the substantia 
nigra and the level of dopamine (DA) secretion in the striatum were also significantly increased compared with the PQ-dyed 
group, and the protein content of PI3K and PDK-1 and the phosphorylation level of AKT were reduced in parallel with the 
reduction in the expression of microglia and related inflammatory factors. In conclusion, our results suggest that Tau may 
regulate microglia-mediated inflammatory responses through inhibition of the PI3K/AKT pathway in the midbrain of PD 
mice, thereby reducing DAc neurons damage.
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Introduction

Taurine (Tau) is one of the most abundant amino acids in 
the brain and regulates physiological functions in the central 
nervous system (CNS), such as neuromodulation, mainte-
nance of calcium homeostasis, antioxidant and anti-inflam-
matory (Huxtable 1992). Previous researches have found 
that Tau could alleviate As2O3-induced liver inflammation 

by inhibiting the autophagy-CTSB-NLRP3 inflammasome 
pathway (Qiu et al. 2018), rescue tissues or organs dam-
aged by regulating oxidative stress and inflammation (Abd-
Elhakim et al 2020; Niu et al. 2018; Qaradakhi et al. 2020). 
And it is also considered a key trophic factor in the devel-
opment of the CNS (Hernández-Benítez et al. 2010). Tau 
concentrations are particularly high in the substantia nigra 
(SN) and striatum (ST) and play an important role in the 
regulation of dopamine release and dopaminergic (DAc) 
neuronal activity (Ruotsalainen and Ahtee 1996), and some 
studies have also shown that Tau reduction is negatively cor-
related with exercise severity (Zhang et al. 2016). Parkin-
son’s disease (PD), as a central neurodegenerative disease, 
is characterized clinically by resting tremor, bradykinesia, 
myotonia, and postural gait disturbances, affecting nearly 
10 million people worldwide, with nearly 60,000 new cases 
each year (Kalia and Lang 2015; Marras et al. 2018), affect-
ing patients’ quality of life and increasing the economic 

Handling editor: S. W. Schaffer.

 *	 Min Huang 
	 hmin81@163.com

1	 School of Public Health and Management, Ningxia Medical 
University, Yinchuan, China

2	 Key Laboratory of Environmental Factors and Chronic 
Disease Control, No.1160, Shengli Street, Xingqing District, 
Yinchuan, Ningxia, China

http://orcid.org/0000-0003-3799-3117
http://crossmark.crossref.org/dialog/?doi=10.1007/s00726-021-03104-6&domain=pdf


2	 K. Wang et al.

1 3

burden on patients’ families and society, making PD one of 
the important public health problems (Dorsey et al. 2007). 
Genetic/aging factors alone do not fully explain the occur-
rence of PD, and epidemiological evidence suggests a strong 
association between the occurrence of PD and environmen-
tal chemical exposure (Hatcher et al. 2008), among which 
paraquat (PQ), a highly effective herbicide, is one of the 
potential environmental risk factors for sporadic Parkinson’s 
disease (Kamel 2013) and one of the recognized environ-
mental chemicals for the preparation of animal models of PD 
(Dwyer et al. 2021). There is growing evidence that micro-
glia-mediated neuro-inflammatory responses are an inte-
gral part of PD onset and progression (Huang et al. 2019), 
and among the many factors regulating the inflammatory 
response, the phosphatidylinositol-3 kinase (PI3K) family 
plays an important role. PI3K is susceptible to activation by 
a variety of cytokines and physicochemical factors, and sub-
sequently recruits signaling proteins containing the pleck-
strin homology domain to further regulate protein kinase 
B (AKT) expression involved in the regulation of intracel-
lular immune response and inflammatory response (Vyas 
and Vohora 2017). Endogenous Tau biosynthesis is low and 
supplementation with exogenous Tau may be an effective 
way to slow down microglia-mediated neuro-inflammatory 
responses and promote the development of DAc neurons 
structure and function by exerting anti-inflammatory and 
antioxidant effects. Therefore, this study was conducted to 
establish a PD mouse model using PQ intraperitoneal injec-
tion of stained toxin and to investigate the mechanism of 
PI3K/AKT signaling pathway in Tau on PQ-induced neuro-
inflammation in PD mice, providing new clues for the pre-
vention and treatment of sporadic PD caused by environ-
mental chemical exposure.

Methods

Animal dosing

80 healthy male SPF-grade C57BL/6 mice, weighing 
(22 ± 2) g, were selected and purchased from Spelford (Bei-
jing) Biotechnology Co. Animals were housed in the Experi-
mental Animal Center of Yanhu Campus of Ningxia Medical 
University and reviewed by the Ethics Committee of Ningxia 
Medical University (No. 2019-098). The rearing temperature 
was (25 ± 1) °C, humidity was 50–60%, 12/12 h circadian 
rhythm, and free access to water and food was given. After 
1 week of acclimatization, the mice were divided into two 
parts according to the random number table method. In the 
first part, one group was the control group whose treatment 
was intraperitoneal injection of an equal volume of 0.9% 
saline, and the other three groups were treated with PQ for 4, 
6 and 8 weeks (P-4, P-6 and P-8) by intraperitoneal injection 

of 15 mg/kg PQ (dissolved in saline). In the second part, 
the groupings are control group (control): intraperitoneal 
injection of equal volume of 0.9% saline; PQ treatment 
group (PQ): intraperitoneal injection of 15 mg/kg PQ (dis-
solved in saline); Taurine and PQ combination treatment 
group (PQ + Tau): intraperitoneal injection of 150 mg/kg 
Tau 1 h before 15 mg/kg PQ injection; Tau treatment group 
(Tau): intraperitoneal injection of 150 mg/kg Tau (dis-
solved in saline). 10 mice in each group were injected twice 
a week, and the treatment time of P-4, P-6, and P-8 were 4, 
6, and 8 weeks, respectively, and the remaining groups were 
8 weeks (Fig. 1).

Neurobehavioral tests

G1 performed neurobehavioral tests two days after the 8, 12, 
and 16 treatments, and the other groups were performed two 
days after the last treatment. (1) Open field test: mice were 
placed in the central area of an open field box (50 × 50 cm) 
with the bottom surface evenly divided into 20 areas of equal 
size (6 central areas and 14 peripheral areas). The biologi-
cal activity trajectory of mice and the distance and time 
consumed in the central and peripheral areas were recorded 
within 10 min using Smart 3.0 video tracking software. (2) 
Tail suspension test: the mice were fixed with their tails at 
2 cm from the roots on a tail suspension stand, so that the 
mice were hanging upside down with their heads 5 cm from 
the table surface, and the accumulated immobility time of 
each group of mice within 5 min of tail suspension was 
recorded. (3) Gait analysis test: the forelimbs and hindlimbs 
of the mice were painted with red and blue ink, and then 
the mice were guided to walk into the closed box along a 
60 cm long and 10 cm wide runway, and a white paper of 

Fig. 1   Experiment design. All animals were randomly divided into 
two parts, and each part was further divided into 4 groups (G1, G2, 
G3, G4, and G5, G6, G7, G8), with 10 animals in each group
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equal length and width was placed on the runway after three 
training sessions. Continuously measure the step length (left 
and right limb spacing) and standing width (front and rear 
limb spacing) of the mice 4–6 times. (4) Pole climbing test: 
a 25 mm diameter wooden 9 ball was fixed to a 50 cm long 
and 1 cm thick wooden pole with gauze wrapped around it 
to prevent slippage. The mouse was placed on the top of the 
wooden ball and the time it took for the mouse to come down 
from the ball was recorded.

Sampling and sample processing

Mice (n = 5/group) were injected intraperitoneally with 0.3% 
uratan (0.1 ml/10 g), into deep anesthesia, then opened the 
chest, cut open the right heart ear, first perfused 0.9% saline 
50 ml rapidly through the left ventricle, blood washed until 
colorless and then slowly perfused with 4% paraformalde-
hyde buffer for 20 min (until the mouse liver turned white 
and the limbs and tail stiffened). The brain was removed by 
severing the head on ice, and the brain tissue was placed in 
4% paraformaldehyde fixative for 4–6 h, and then removed 
and stored frozen in 30% sucrose solution for 24–48 h. After 
the brain tissue was completely sunk into the bottom of the 
test tube, frozen sections with a slice thickness of 20 μm 
were performed for immuno-histochemical staining and 
superoxide anion fluorescent probe staining. The remain-
ing mice (n = 5/group) were perfused with pre-cooled 0.9% 
saline, then whole brains were quickly peeled off on ice and 
striatal and midbrain tissues were separated and placed in 
liquid nitrogen, and then transferred to -80℃ refrigerator for 
protein content determination.

Immunohistochemistry

Place frozen sections in phosphate-buffered salt solution 
(1 × PBS) for 5 min × 3 times; incubate 30% H2O2 solution 

for 10 min at room temperature to remove endogenous per-
oxidase; 1 × PBS for 5 min × 3 times; goat serum closed for 
20 min; dropwise addition of primary antibody in a wet box 
incubated overnight at 4 °C,; rewarmed at 37 °C for 40 min, 
1 × PBS rinse for 5 min × 3 times; secondary antibody incu-
bated at room temperature for 20 min; 1 × PBST rinse for 
5 min × 3 times; DAB color development; distilled water 
rinse for 30 s; hematoxylin re-staining for 1 min; 1% hydro-
chloric acid ethanol fractionation for 5 s; distilled water rins-
ing for 30 s followed by dropwise addition of neutral gum to 
seal the slices, observed under a light microscope and cal-
culated by Image-pro plus 6.0 image analysis software, and 
the average absorbance of positive material under each field 
of view was measured as the relative expression of protein.

Western blotting analysis

50 mg of each striatal and midbrain tissues was placed in 
2 ml EP tubes, 400 μl of pre-cooled tissue lysis solution 
and 5 mm diameter grinding beads were added, and the tis-
sues were ground thoroughly on a high-throughput tissue 
lysis apparatus. After that, the ground tissue homogenate 
was aspirated into a 1.5 ml pre-chilled centrifuge tube and 
centrifuged at 12,000 r/min (5 cm radius) for 5 min, and 
the supernatant was taken to measure the protein concentra-
tion, and the samples were denatured and stored at − 80 °C. 
Each group of proteins was sampled in a volume of 50 μg, 
and electrophoresis was performed using 8% or 10% sodium 
dodecyl sulfate–polyacrylamide gels (SDS-PAGE) at a 
constant voltage of 120 V. The proteins were transferred 
to polyvinylidene difluoride (PVDF) membranes by water 
bath electrotransfer at 100 V for 60 min. 5% skim milk 
powder was closed at room temperature for 1.5 h. Accord-
ing to Table 1, primary antibodies were added respectively. 
The PVDF membranes were removed the next day, placed 
in 1:2500 dilution of horseradish enzyme (HRP)-labeled 

Table 1   Primary antibodies used for Western blotting, immunochemistry and immunofluorescence

Tissue antigen Host species Dilution Reference

WB IHC

TH (tyrosine hydroxylase) Mouse 1:1000 1:300 Santa Cruz, sc-25269
DAT (dopamine transporter) Rabbit 1:1000 Abcam, ab184451
Iba-1 (ionized calcium-binding adaptor molecule-1) Rabbit 1:1000 1:800 Abcam, ab178847
IL-1β (interleukin-1β) Rabbit 1:1000 Abcam, ab234437
HMGB1 (high-mobility group box 1) Rabbit 1:1000 Abcam, ab79823
p-AKT (phosphorylated protein kinase B) Rabbit 1:1000 Abcam, ab81283
AKT (protein kinase B) Rabbit 1:1000 Abcam, ab38449
PI3K (phosphatidylinositol-3 kinase) Rabbit 1:1000 Abcam, ab151549
PDK-1 (3-Phosphoinositide-dependent protein kinase 1) Rabbit 1:1000 Abcam, ab207450
iNOS (inducible nitric oxide synthase) Rabbit 1:1000 Proteins, 18,985-1-AP
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) Mouse 1:1000 Proteins, 60,004-1-lg
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goat anti-rabbit IgG secondary antibody solution, incu-
bated overnight at 4 °C, and the membranes were washed 3 
times × 10 min with TBST. The ECL kit was developed, and 
the images were acquired by an automatic gel imaging analy-
sis system. β-actin was used as the internal reference for the 
upper sample volume, and Image-J 8.0 software was used 
to analyze the grayscale value of the target protein expres-
sion, and the ratio of the grayscale value of the target band 
to the grayscale value of the internal reference was used as 
the relative protein expression.

Statistical analysis

Image-Pro plus 6.0 software was used for IHC image pro-
cessing, and Image-J 8.0 software was used for western-blot 
image processing. One-way ANOVA was used for data com-
parison between multiple groups. SNK (q test) method was 
used for further two-by-two comparison between groups. 
Differences were considered statistically significant at 
p < 0.05.

Results

General behavioral changes of mice in each group

Our previous study has observed that, after 6 weeks of PQ 
poisoning, mice demonstrated scattered fur, reduced activ-
ity, lower response to ambient stimuli, and individual mice 
showed symptoms, such as posterior dorsal arch and resting 
tremor. No significant behavior changes were observed in 
the control and Tau intervention groups. The mean body 
weight of mice in each group was not significantly different.

Effects of PQ on non‑motor and motor functions 
of mice

To clarify whether the model mice showed non-motor and 
motor symptoms related with PD, we performed neurobe-
havioral tests on them. The results of the open field test dem-
onstrated that, compared with the control group, the mice 
in the poisoned group shifted significantly less distance and 
the central area dwell time decreased (Fig. 2a–c). As seen 
in Fig. 2e, the results of the tail suspension test revealed that 
the tail suspension immobility time gradually increased with 
the increase of the PQ-dyed time, among which the tail sus-
pension immobility time of mice in the 6 week and 8 week 
PQ-dyed groups was significantly increased compared with 
the control group. As illustrated in Fig. 2d, f, g, compared 
with the control group, the gait length of mice in each group 
did not change significantly as the time of PQ poisoning 
increased, but the gait distance gradually decreased, when 
compared with the control group at 8 weeks of poisoning. 

The pole-climbing time of mice in the 6 week and 8 week 
poisoned groups increased significantly compared with the 
control group (Fig. 2h).

The effect of PQ on DAc neurons in mice

As illustrated in Fig. 3a, DAc neurons loss began to appear 
in the nigrostriatal area of the mice in the 4 week dose group, 
and the protrusion ends were curled and thinned, but most 
of the neurons cell bodies remained relatively intact. With 
the increase in the duration of the poisoning, the degree 
of neurons damage in the nigrostriatal area of the mice in 
the 6 week and 8 week groups gradually increased, which 
showed that the residual neurons cell bodies were reduced, 
the nerve fibers were sparse, and the protrusion ends were 
broken or disappeared, and the number of neurons was sig-
nificantly reduced compared with that of the control group. 
In addition to the loss of neurons cytosomes, the positive 
expression of DAc neurons in the striatum of the mice in 
the dyed group was also significantly reduced in a time-
dependent manner. The protein expressions of brain tyrosine 
hydroxylase (TH) and striatal dopamine transporter (DAT) 
in the mice in the toxin-treated group decreased with the 
increase of PQ toxicity time (Fig. 3b), and the difference 
was statistically significant compared with the control group. 
In view of the fact that the most significant changes in all 
the above indexes were observed in the 8 week PQ-infected 
group, we selected 15 mg/kg PQ intraperitoneally injected 
mice (8 weeks) for the follow-up test.

Effects of Tau on PQ‑induced motor and non‑motor 
functions in PD mice

As shown in Fig. 4a–c, the results of the open field test mani-
fested that, compared with the PQ-treated group, the dis-
tance moved and the central area dwell time of mice in the 
Tau intervention group were significantly increased; com-
pared with the control group, the distance moved and the 
central area dwell time of mice in the PQ-treated group were 
decreased. The results of tail suspension test proved that the 
mice in the Tau intervention group had a statistically sig-
nificant decrease in tail suspension time compared with the 
PQ-treated group (Fig. 4d); the mice in the PQ-treated group 
had a statistically significant increase in tail suspension time 
compared with the control group. As shown in Fig. 4e, f, 
the gait distance of the mice in the Tau intervention group 
increased significantly compared with the PQ-treated group; 
compared with the control group, the gait distance of the 
mice in the PQ-treated group decreased significantly. As 
seen in Fig. 4g, the pole-climbing time of the mice in the 
Tau intervention group was significantly reduced compared 
with the PQ-treated group; compared with the control group, 
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the pole-climbing time of the mice in the PQ-treated group 
was significantly increased.

Effect of Tau on PQ‑induced DAc neurons in PD mice

Compared with the PQ-treated group, IHC results demon-
strated that TH-positive neurons in the nigrostriatal area 
of Tau-intervened mice were clearly stained and showed 
multipolar-shaped, deeply stained cytosol with densely inter-
woven protrusions, and the number of TH-positive cells in 
the nigrostriatal area and the amount of TH-positive expres-
sion in the striatal area were significantly increased (Fig. 5a). 
Compared with the control group, most of the neurons in the 
nigrostriatal area were shrunken and lightly stained, and the 
number of TH-positive cells was significantly reduced in the 
PQ-treated group, and the remaining neurons were smaller, 
with shorter protrusions and fewer branches. The results 
exposed that the relative protein expression of brain TH and 

striatal DAT in the Tau intervention group was significantly 
increased compared with the PQ stained group (Fig. 5b); 
the relative protein expression of brain TH and striatal DAT 
in the mice in the dyed group was significantly decreased 
compared with the control group.

Effect of Tau on PQ‑induced microglia in PD mice

IHC results found that compared with the PQ-treated 
group, microglia in the nigrostriatal area of Tau-inter-
vened mice were mainly “resting”, branched, with small, 
elongated cells, elongated protrusions, and sparse dis-
tribution (Fig. 6a). There were fewer positive cells. In 
comparison with the control group, the microglia in the 
nigrostriatal and striatal regions of PQ-treated mice with 
ionized calcium-binding adaptor molecule-1 (Iba-1) posi-
tive staining were brownish-yellow in color, with enlarged 
cytosomes, round or oval shape, shortened and thickened 

Fig. 2   Changes of motor and non-motor functions in each group 
of mice (n = 6). a The moving trajectory map in the open field test; 
b The moving distance in the open field test; c The residence time 
in the edge/central area in the open-field test; d The schematic dia-

gram of gait test; e The immobility time of hanging the tails; f The 
step length in gait test; g The step distance in gait test; h The time of 
climbing the pole; The data are presented as mean ± SE. a p < 0.05, 
compared with the control group
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protrusions, and some cells were amoeboid and increased 
in number, showing an obvious "activated state". As illus-
trated in Fig. 6b, Western blot results further showed that 
the relative expression of Iba-1 protein in the mice in the 
Tau intervention group was significantly lower compared 

with that in the PQ-treated group; compared with that in 
the control group, the relative expression of Iba-1 protein 
in the mice in the dyed group was significantly higher.

Fig. 3   Morphological and protein expression changes of TH in 
nigrostriatal and striatal DAc neurons in each group (n = 3). a Nigros-
triatal and striatal tyrosine hydroxylase (TH) IHC staining (100 ×), 
and number of nigrostriatal and Striatal TH-positive cells; b Total 
protein lysates were evaluated by western blot analysis for the expres-
sion of DAc neurons markers (TH, DAT). GAPDH was used as the 

internal control for normalization. SN Substantia nigra, ST Striatum, 
TH Tyrosine hydroxylase, DAT Dopamine Transporter; Control: con-
trol group; P-4: 4-week stained group; P-6: 6-week stained group; 
P-8: 8-week stained group; the data are presented as mean ± SE. a: 
p < 0.05, compared with control group; b p < 0.05, compared with 
4-week stained group; c p < 0.05, 6-week stained group

Fig. 4   Changes of non-motor function and motor function in each 
group (n = 6). a The moving trajectory map in the open field test; b 
The moving distance in the open field test; c The residence time in 
the edge/central area in the open field test; d The immobility time of 
hanging the tails; e The step length in gait test; f The step distance in 

gait test; g The time of climbing the pole; The data are presented as 
mean ± SE. Control: control group; PQ: PQ-treated group; PQ + Tau: 
Tau intervention group; Tau: Tau control group; a p < 0.05, compared 
with the control group; b p < 0.05, compared with the PQ-treated 
group
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Fig. 5   Morphological and protein expression changes of TH in 
nigrostriatal and striatal DAc neurons in each group (n = 3). a Nigros-
triatal and striatal tyrosine hydroxylase (TH) IHC staining (100 ×), 
and number of nigrostriatal and Striatal TH-positive cells; b Total 
protein lysates were evaluated by western blot analysis for the expres-
sion of DAc neurons markers (TH, DAT). Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as the internal control for 

normalization, histogram showed the quantitative evaluation of the 
protein band by densitometry. SN Substantia nigra, ST Striatum, TH 
Tyrosine hydroxylase, DAT Dopamine Transporter; The data are pre-
sented as mean ± SE. Control: control group; PQ: PQ-treated group; 
PQ + Tau: Tau intervention group; Tau: Tau control group; a p < 0.05, 
compared with the control group; b p < 0.05, compared with the PQ-
treated group

Fig. 6   Morphology and protein expression changes of Iba-1 in 
nigrostriatal and striatal microglia in each group (n = 3). a Nigros-
triatal and striatal ion calcium junction protein molecule-1 (Iba-1) 
IHC staining (400 ×), and number of nigrostriatal and Striatal TH-
positive cells; b Total protein lysates were evaluated by western blot 
analysis for the expression of microglia markers (Iba-1). GAPDH 
was used as the internal control for normalization, histogram showed 

the quantitative evaluation of the protein band by densitometry. SN 
Substantia nigra, ST Striatum; Iba-1 Ionized calcium-binding adap-
tor molecule-1; the data are presented as mean ± SE. Control: control 
group; PQ: PQ-treated group; PQ + Tau: Tau intervention group; Tau: 
Tau control group; a p < 0.05, compared with the control group; b 
p < 0.05, compared with the PQ-treated group
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Effect of Tau on PQ‑induced inflammatory factors 
in PD mice

Western blot results manifested (Fig. 7) that the relative 
expressions of inducible nitric oxide synthase (iNOS), 
interleukin-1β (IL-1β), and high-mobility group box  1 
(HMGB1) proteins were significantly lower in the Tau 
intervention group compared with the PQ-treated group. 
Compared with the control group, the relative expressions 
of brain inflammatory factors (iNOS, IL-1β and HMGB1) 
were significantly increased in the PQ-treated mice.

Effect of Tau on the expression of key proteins 
of PI3K/AKT signaling pathway in PQ‑induced PD 
mice

Western blot results exposed (Fig. 8) that the relative expres-
sion levels of PI3K, 3-Phosphoinositide-dependent pro-
tein kinase 1 (PDK-1), and phosphorylated protein kinase 
B (p-AKT) proteins in the midbrain of Tau-intervened 
mice were significantly lower than those in the PQ-treated 
group, and the differences were all statistically significant 
(p < 0.05). Compared with the control group, the relative 
expression levels of PI3K, PDK-1 and p-AKT proteins were 

significantly increased in the midbrain of the PQ-treated 
mice.

Discussion

PD is the second-most common central neurodegenerative 
disease worldwide characterized by progressive degenera-
tive loss of DAc neurons in the substantia nigra and reduced 
DA secretion in the striatum (Samii et al. 2004). PQ, as a 
non-selective herbicide, due to its structural similarity to 
the recognized DAc neurotoxin MPTP active metabolite 
MPP + , can highly selectively damage nigrostriatal DAc 
neurons through the blood–brain barrier and become one 
of the potential environmental risk factors for sporadic PD 
(Shimizu et al. 2001). The results of this study found that 
the body weight of C57BL/6 mice injected intraperitoneally 
with 15 mg/kg PQ continuously for 8 weeks was not sig-
nificantly different from that of the control group, indicat-
ing that this dose of PQ staining did not produce systemic 
toxic effects on the mice. Clinically PD is characterized by 

Fig. 7   Changes of brain inflammatory factor protein expression in 
each group (n = 3). a Total protein lysates were evaluated by western 
blot analysis for the expression of inflammatory factor (iNOS, IL-1β, 
HMGB1). GAPDH was used as the internal control for normaliza-
tion. b Histogram showed the quantitative evaluation of the protein 
band by densitometry. The data are presented as mean ± SE. control: 
control group; PQ: PQ-treated group; PQ + Tau: Tau intervention 
group; Tau: Tau control group; a: p < 0.05, compared with the control 
group; b: p < 0.05, compared with the PQ-treated group

Fig. 8   Changes in expression of PI3K/AKT pathway-related pro-
teins in the midbrain of mice in each group (n = 3). a Total protein 
lysates were evaluated by western blot analysis for the expression of 
PI3K/AKT pathway-related proteins (p-AKT, AKT, PI3K, PDK-1). 
GAPDH was used as the internal control for normalization. b His-
togram showed the quantitative evaluation of the protein band by 
densitometry. The data are presented as mean ± SE. control: control 
group; PQ: PQ-treated group; PQ + Tau: Tau intervention group; Tau: 
Tau control group; a p < 0.05, compared with the control group; b 
p < 0.05, compared with the PQ-treated group
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motor symptoms mainly hypomimia swallowing difficul-
ties, and gait staggering (Jankovic 2008), but what is often 
overlooked is that motor symptoms are also preceded by 
non-motor symptoms that are very difficult to detect, such 
as autonomic dysfunction, cognitive/neurobehavioral abnor-
malities, sleep disorders, and anosmia (Schapira et al. 2017). 
We therefore used different neurobehavioral tests to evalu-
ate motor symptoms and non-motor symptoms in mice. We 
assessed the depressive state of mice by resting immobility 
time in the tail suspension test, the cognitive function of 
mice by moving distance and dwell time in the edge/center 
region in the open field test, and the motor coordination of 
mice by gait test and pole climbing test. We found neurobe-
havioral abnormalities in the mice of the PQ-treated group, 
which showed PD motor dysfunction, such as reduced 
pole-climbing time and reduced step distance. In addition 
to classical motor deficits, PD patients develop non-motor 
symptoms such as psychiatric disorders in the preclinical 
period (Postuma Ronald 2019). In this study, we also found 
that mice at 4 weeks of PQ-treated showed varying degrees 
of non-motor symptom changes in 2 objective behavioral 
tests, the open field test and the hanging tail test, suggest-
ing that PQ induced depression and cognitive dysfunction 
in mice. The onset and development of these motor/non-
motor symptoms may be attributed to the damage of DAc 
neurons. We further found by IHC that with the increase 
of PQ staining time, mice showed progressive degenerative 
loss of DAc neurons in the substantia nigra region, hypoac-
tive nigrostriatal pathway neurological function, and signifi-
cantly reduced striatal DA secretion level in a time-effective 
relationship. This suggests that PQ successfully induced PD 
pathological features in mice, providing a direct basis for the 
neurotoxicity of the environmental chemical PQ.

There is increasing evidence that microglia-mediated 
chronic neuro-inflammation plays a key role in the progres-
sion of central neurodegenerative diseases (Sun et al. 2021). 
Autopsy analysis of PD patients revealed a large number of 
activated microglia in the nigrostriatal and striatal regions 
of the midbrain (Hirsch and Hunot 2009), and positron 
emission tomography imaging showed that the number of 
microglia activation and inflammatory mediators gradually 
increased as PD disease worsened (Gerhard et al. 2006). 
Although in vivo studies have demonstrated that taurine 
exerts DAc neuroprotective effects by inhibiting microglia-
mediated neuro-inflammation, Che et al. showed that tau-
rine was able to inhibit NADPH oxidase activation and the 
nuclear factor-κB pathway by interfering with the membrane 
translocation of the cytosolic subunit p47, thereby suppress-
ing microglia M1 polarization and gene expression levels of 
pro-inflammatory factors (Che et al. 2018). In Wang et al.’s 
study, mac1 and Src Erk signaling pathways were involved 
in increased NADPH oxidase expression in hippocam-
pal microglia in a Parkinson’s model mouse, and taurine 

treatment ameliorated learning memory impairment through 
a reduction in mac1 (Wang et al. 2021). The present report 
differs from previous ones that we found that PI3K/AKT 
signaling pathway is an important signaling pathway that has 
been identified in recent years and is involved in the regula-
tion of immune responses pathway. In MPTP-induced PD 
animal models, the PI3K/AKT signaling pathway was shown 
to be present in microglia and to play an important role in 
regulating the inflammatory response (Chen et al. 2019). 
PI3K, as a phosphatidylinositol kinase that phosphorylates 
the hydroxyl group at the D-3 position of the inositol ring, is 
a signal transducer downstream of cell surface receptors and 
a signaling molecule involved in intracellular signal trans-
duction (Jiang et al. 2015). When interacting with growth 
factor receptors or linker proteins with phosphorylated tyros-
ine residues can cause dimeric conformational changes and 
be activated. PI3K activation generates a second messenger 
PIP3 that binds to the PH region of AKT and PDK1, prompt-
ing PDK1 to phosphorylate Thr308 of AKT protein leading 
to AKT activation (Kilic et al. 2017). AKT is the central link 
in the PI3K signaling pathway and is an important target unit 
downstream of PI3K. Activated Akt plays an important role 
in regulating cell proliferation, differentiation and apoptosis 
by influencing the activation status of various downstream 
effector molecules (Zhang et al. 2011).

The results of the present study showed that the expres-
sion levels of PI3K, PDK1, and p-AKT signaling pathway-
related proteins were increased in the midbrain of the mice 
in the toxin-infected group, and the microglia in the sub-
stantia nigra and striatum were significantly increased in 
an “activated state”, which paralleled the loss of neurons, 
and the expression of early inflammatory mediators iNOS, 
IL-1β, and late expression of early inflammatory mediators 
iNOS, IL-1β and late inflammatory factor HMGB1 was 
also increased in the midbrain. It is suggested that micro-
glia-mediated inflammatory responses are involved in PQ-
induced progressive damage of DAc neurons in PD mice, 
and the PI3K/AKT signaling pathway may play a regulatory 
role.

Tau is a sulfur-containing amino acid present in the free 
state in interstitial and intracellular fluids and has neuro-mod-
ulatory and neuroprotective functions (Wang et al. 2021). It 
was found that plasma taurine concentration was reduced in 
PD patients and negatively correlated with motor dysfunc-
tion (Zhang et al. 2016). Exogenous supplementation of Tau 
was able to suppress the gene expression levels of brain pro-
inflammatory factors in PD mice (Che et al. 2018) and improve 
learning memory function in Alzheimer’s disease mice (Santa-
María et al. 2007). Tau has also been shown to effectively 
protect against SH-SY5Y cell damage by rotenone through 
the inhibition of intracellular oxidative stress in an in vitro 
PD model (Alkholifi and Albers 2015), revealing a beneficial 
role of Tau in PD. Our results revealed that both motor and 
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non-motor functions of mice were restored to some extent after 
8 weeks of Tau intervention. In addition, the number of DAc 
neurons in the nigrostriatal area and the level of striatal DA 
secretion were also significantly increased in the Tau inter-
vention group of mice compared with the PQ-treated group. 
It is suggested that Tau has a protective effect on PQ-induced 
neurotoxicity, and the mechanism may be related to the PI3K/
AKT pathway and the subsequent microglia activity. After Tau 
intervention, the protein content of PI3K and PDK-1 and the 
phosphorylation level of AKT were reduced, and the reduction 
of microglia and related inflammatory factors expression was 
parallel to that of microglia. It indicates that Tau may regulate 
microglia-mediated inflammatory responses through inhibition 
of the PI3K/AKT pathway in the midbrain of PD mice, thereby 
reducing DAc neurons damage.

Conclusion

Altogether, this study finds that Tau may inhibit microglia acti-
vation and inflammatory factor release by regulating the PI3K/
AKT signaling pathway, thereby protecting against progressive 
damage to nigrostriatal DAc neurons by PQ and effectively 
ameliorating motor dysfunction and non-motor deficits in PQ-
induced PD model mice. It provides a new clue for the preven-
tion and treatment of sporadic PD induced by environmental 
chemicals PQ.
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