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A B S T R A C T

Chlorpyrifos (CPF) is an organophosphorus pesticide that can damage the central nervous system in children
upon exposure. Taxifolin (Tax) exerts protective effects against neurotoxins; however, the mechanism has not yet
been illustrated. The current study used BV2 cells to investigate the protective mechanism underlying the or-
ganophosphorus pesticide taxifolin on CPF-induced neurotoxicity, which might present a therapeutic potential
for the prevention and treatment of the nervous system diseases in children. BV2 cells were randomly divided
into 4 groups: DMSO, CPF, Tax, and Tax+CPF. The viability, morphocytology, oxidative stress, inflammatory
reaction, and autophagocytosis have been studied in the cells using Western blot analysis, CCK-8 assay, enzyme-
linked immunosorbent assay, and immunofluorescence to estimate the level of LC3 II. As a result, CPF was found
to exert a significant toxic effect on BV2 cells that was characterized by rounded cell body, atrophic synapse,
poor adhesion, cell aggregation, inflammation, oxidative reaction, and autophagy. Tax treatment has a pro-
tective effect on CPF-induced neurotoxicity via downregulation of ROS, TNF-α, IFN-γ, and p62 levels and in-
creased LC3 II level, which in turn, improved the viability and activity of BV2 cells. This phenomenon suggested
that Tax can reduce the inflammation and oxidative stress and promote autophagy. Furthermore, the current
study suggested that the protective mechanism of Tax on CPF-induced BV2 cell toxicity was via up-regulation of
pAMPK level and activation of Nrf2/HO-1 signaling pathway.

1. Introduction

Pediatric nervous system diseases are severe life-long risks to the
health of children. A number of studies have shown that environmental
factors are one of the causes of children's neurological diseases
(Jurewicz et al., 2013). Organophosphorus pesticides are crucial en-
vironmental chemical factors; however, the mechanisms of pathogen-
esis are not yet clear. Therefore, investigation of the mechanisms un-
derlying the pathogenesis of organophosphorus pesticides is vital for
the prevention and treatment of chlorpyrifos (CPF)-induced neurolo-
gical diseases.

CPF (leroy or parathion) is one of the most abundant and widely
used pesticides worldwide (Sasikala et al., 2012). Children are rather
vulnerable to the pesticide-caused severe injury because of their high
susceptibility, weak ability to remove toxins, and rapid development of
the disease. CPF is one of the major adverse environmental factors
endangering children’s health. It can not only inhibit the activity of
acetylcholine esterase but also induce the occurrence of immune in-
flammatory response to damage the nervous system function through
the blood-brain barrier (Gupta et al., 2010; Parran et al., 2005; Roncati

et al., 2016).
Taxifolin (Tax) (3,5,7,3′,4′-pentahydroxy-flavanone or 2,3-dihy-

droquercetin) is a flavonoid, present abundantly in citrus fruits, grapes,
olive oil, and onions(Marks et al., 2010; Rauh et al., 2006, 2015). As a
common bioactive constituent of foods and herbs, Tax has been shown
to exert a wide range of biochemical and pharmacological effects, in-
cluding anti-tumor, anti-inflammatory, anti-diabetic, hepatoprotective,
cardioprotective, and neuroprotective effects; also, it contributes to the
prevention of Alzheimer’s disease (Binukumar et al., 2011; Dutta et al.,
2012; Gupta et al., 2010; Levesque et al., 2010; Liu et al., 2015a, b; Ma
et al., 2012; Ozkul et al., 2007; Zhang et al., 2011). Importantly, Tax
exerts significant antioxidant effects that are critical for preventing the
onset of apoptosis (Kaushik et al., 2011). Moreover, it can also inhibit
the oxidative enzymes and the overproduction of ROS, thereby ameli-
orating the cerebral ischemia-reperfusion injury (Kaur et al., 2019;
Mijaljica et al., 2011).

Herein, we hypothesized that Tax might alleviate the CPF-induced
oxidative stress, inflammatory response, and autophagy in BV2 cells by
promoting the occurrence of autophagy, activating the Nrf2/HO-1
signaling pathway, and lowering the pAMPK level. Thus, the present
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study aimed to explore the protective mechanism of the Tax antag-
onistic, CPF, which induced BV2 cell neurotoxicity and to provide a
theoretical basis for the prevention and treatment of neurological dis-
eases in children.

2. Materials and methods

2.1. Cell culture and chemicals

The BV2 cell line was obtained from the Shanghai Xin Yu Biotech
Co., Ltd and maintained in RPMI 1640 medium containing 10% fetal
bovine serum (FBS; Sijiqing F8240-100) at 37 °C in a humidified in-
cubator with 5% CO2. Chlorpyrifos was purchased from Dow
AgroSciences. Taxifolin was obtained from Fluka.

2.2. Cell treatment

BV2 cells were randomly divided into four groups. Group DMSO:
The cells treated with 0.1% DMSO in RPMI 1640 complete medium
served as the control group. The experiment was set up at different time
points. CPF and Tax are fat-soluble and easily soluble in DMSO. Group
CPF: Cells treated with 200 μmol/L CPF in RPMI 1640 complete
medium for 6 h. Group Tax: Cells were treated with Tax-RPMI 1640
complete medium at different concentrations and time points. Group
Tax+CPF: Cells were pre-treated with 100mmol/L Tax-containing
RPMI 1640 complete medium for 6 h, followed by 200 μmol/L CPF in
RPMI 1640 complete medium for an additional 6 h.

2.3. Cell viability assays

The viability of the cells was determined using CCK-8 (Dojindo)
assay. Briefly, the cells were plated at a density of 5× 104 cells/mL
(150 μL/well) into 96-well plates. After a specific period of incubation,
a volume of 100 μL RPMI 1640 medium and 10 μL CCK-8 reagent
(5 mg/mL) were added to each well. Subsequently, the plate was in-
cubated for 2 h at 37 °C, and the absorbance was measured at 450 nm
using a microplate reader (En Vision, PerkinElmer Lifesciences). Each
measurement was repeated three times.

2.4. Cell morphology assay

Cells were plated into 6-well plates. The cell morphology was ob-
served by optical microscopy.

2.5. Measurement of cellular ROS

Cells were plated into 6-well plates after CPF, Tax and Tax+CPF
treated 6 h. Subsequently, the treated cells were incubated with
400 μmol/L ROS fluorescent (Beyotime C1048) dyes for 40min at 37 °C
and observed by optical microscopy to determine the level of ROS in
each group.

2.6. Measurement of TNF-α and TNF-β

The concentrations of TNF-α and TNF-β released in the culture were
assessed using enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems) with a volume of 50 μL assay diluent; standard, control, or
sample was added to each well, respectively and incubated for 2 h at
room temperature. Subsequently, 100 μL conjugate and 100 μL sub-
strate solution were added. Finally, 100 μL stop solution was added to
the wells, and the absorbance was measured at 450 nm on a microplate
reader with the correction wavelength set at 540 or 570 nm.

2.7. Immunofluorescence for measurement of LC3 II

The cells were fixed using fresh 4% paraformaldehyde for 30min

and permeabilized with 0.5% Triton X-100 for 30min. After washing
with PBS, the cells were incubated in bovine serum albumin (BSA; Sino-
American Biotechnology Co., Ltd) for 1 h at room temperature, fol-
lowed by incubation with anti-LC3 II (Proteintech) at 4 °C and a sec-
ondary antibody for 90min at 37 °C. The cell nuclei were counter-
stained with DAPI for 10min and observed under a fluorescence
microscope (Leica).

2.8. Western blotting assay

The cells were suspended in lysis buffer on ice for 30min. An
equivalent of 20–100 μg protein lysate was resolved by 4% SDS-PAGE
(AMRESCO) and transferred to PVDF membrane (Millipore). Then, the
membrane was probed with the appropriate primary antibody at 4 °C
overnight and a horseradish peroxidase (HRP)-conjugated secondary
antibody for 45–60min. The immunoblots were visualized with a
chemiluminescence ECL reagent (Thermo). The primary antibodies,
anti-P-AMPK (#2535 P, 1:1000) and anti-AMPK (#2603 P, 1:1000),
were purchased from CST, while anti−HO-1 (10901-1-AP, 1:200), anti-
Nrf2 (16396-1-AP, 1:200), anti-p62 (18420-1-AP, 1:1000), anti-LC3
(18725-1-AP, 1:500), and β-actin (20536-1-AP, 1:1000) were procured
from Proteintech.

2.9. Statistical analysis

All statistical analyses were performed using the GraphPad Prism
5.0 software. Data from at least three independent experiments, each
performed in triplicate, are presented as the mean ± standard devia-
tion (SD). The significance of the differences between the groups was
analyzed using one-way ANOVA. t-test was used to compare the
average between two groups. P < 0.05 was considered as statistically
significant.

3. Results

3.1. Effect of Tax on cell viability and morphocytology of BV2

Compared to the DMSO group, the viability of BV2 cells decreased
with increasing concentration of Tax at 25, 50, 100, and 200 μmol/L
after 6-h treatment (P > 0.05). However, the cell viability was sig-
nificantly reduced at the concentration of 400 μmol/L of Tax
(P < 0.0001) (Fig. 1A). Furthermore, the viability of BV2 cells did not
exhibit a significant difference (P > 0.05) (Fig. 1C) after Tax treatment
(100 μmol/L) for 3, 6, 12, and 24 h as compared to that in the DMSO
group. However, no significant difference (P < 0.05) (Fig. 1D) was
detected in the cell viability at the time points of 12 and 24 h as com-
pared to the blank group. Interestingly, the cell viability in the
Tax+CPF group was significantly higher than that in the CPF group
(P < 0.05) (Fig. 1B).

Light microscopy revealed that CPF-induced BV2 cell body was
round, the synapse was atrophied, adherence was weakened, and the
cells vacuolated, aggregated and floated. Cells in the Tax group were
similar to the DMSO group. In the Tax+CPF group, cells wall-sticking
was better with their more and stronger synapse than BV2 cells in the
CPF group. However, less cell vacuolation was still exist under Tax’s
treatment. (Fig. 2).

3.2. Effect of Tax on the oxidative stress of BV2

Fluorescence staining was used to detect the level of ROS in the
cells. The DMSO group exhibited weak intensity green fluorescence,
while the CPF group exhibited intense staining. Interestingly, the Tax
and Tax+CPF groups presented abundant but weak intensity staining
(Fig. 3A). Compared to the DMSO group, the level of ROS in the CPF
group was significantly increased (P < 0.001), but not in the Tax and
Tax+CPF groups (P > 0.05). On the other hand, the level of ROS
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significantly decreased in the Tax and Tax+CPF groups as compared to
the CPF group (P < 0.05) (Fig. 3B).

3.3. Effect of Tax on the inflammatory reaction of BV2

In order to clarify the effect of Tax on the CPF-induced in-
flammatory reaction of BV2 cells, the levels of TNF-α and IFN-γ in the
supernatant were detected by ELISA. The results showed that the levels

of TNF-α and IFN-γ in the CPF and Tax+CPF groups were significantly
increased as compared to the DMSO and Tax groups (P < 0.05).
Compared to the CPF group, the levels of TNF-α and IFN-γ in the
Tax+CPF group was markedly declined (P < 0.05) (Fig. 4).

3.4. Effect of Tax on the autophagocytosis of BV2

Immunofluorescence staining was used to detect the level of LC3 II

Fig. 1. CCK-8 to detect the viability and ac-
tivity of BV2 cells. A: The effect of different Tax
concentrations on the viability of BV2 cells.
Cell viability of BV2 is significantly reduced at
the concentration of 400 μmol/L Tax. B: the
activity of BV2 cells in each group. Compared
with DMSO group, cell viability of BV2 sig-
nificantly reduced in CPF group, Tax+CPF
group. C&D: The effects of Tax at different time
points on the viability of BV2 cells. Compared
with DMSO group, with 100 μmol/L Tax
treating for 3 h, 6 h, 12 h, 24 h, cell viability of
BV2 is no significant difference. Compared
with Blank group, cell viability of BV2 is de-
ceases by time, and at the time point of 12 h
and 24 h, there is significant difference.
*P < 0.05, ***P < 0.0001, #P < 0.0001.

Fig. 2. The effects of Tax on morphology of
BV2 were observed under light microscope
(20×). Observation of BV2 cells by light mi-
croscope showed that CPF-induced BV2 cell
body turned round, synapse atrophied, wall-
sticking weaken, vacuolated, cell gathered and
floated. Cells in the Tax group were similar to
the DMSO group. In the Tax+CPF group, cells
wall-sticking was better with their more and
stronger synapse than BV2 cells in the CPF
group. However, less cell vacuolation was still
exist under Tax’s treatment.
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in BV2 cells. The green indicated positive, suggesting that LC3 II was
primarily expressed in the cytoplasm. The expression of p62 and LC3 II
proteins was determined by Western blotting. Compared to the DMSO
group, the expression of LC3 II in the CPF group was not significantly
increased in the cytoplasm, and the expression of LC3 II in both the Tax
and Tax+CPF groups was increased in the cytoplasm (Fig. 5A). The
level of p62 decreased in the Tax+CPF group (P < 0.05), while that
of LC3 II was increased (P < 0.05) (Fig. 5B, C).

3.5. Effect of Tax on the AMPK level and Nrf2/HO-1 pathway

In the present study, Western blot was used to determine the ex-
pression of pAMPK, AMPK, Nrf2, and HO-1 proteins in BV2 cells in each
group after CPF induction, as well as after blocking the AMPK pathway
by compound C. The results showed that the expression of AMPK,
pAMPK, Nrf2, and HO-1 in the CPF group did not alter significantly as
compared to the DMSO group (P > 0.05). The expression of AMPK and
pAMPK proteins increased in the Tax group (P < 0.05), while that of
Nrf2 and HO-1 proteins was reduced (P < 0.05). In the Tax+CPF
group, the expression of AMPK and pAMPK proteins was reduced
(P < 0.05), while that of the Nrf2 protein was high (P < 0.05); the
HO-1 protein did not show a significant increase in expression
(P > 0.05). Compared to the CPF group, the expression of AMPK and
pAMPK proteins did not increase significantly increase in the Tax group
(P > 0.05), while that of Nrf2 and HO-1 proteins was reduced
(P < 0.05). In the Tax+CPF group, a significant reduction was de-
tected in the pAMPK protein expression (P < 0.05), an increase in the

Nrf2 level (P < 0.05), and unaltered HO-1 expression (P > 0.05)
(Fig. 6A, B). After the intervention of compound C for 1 h, the expres-
sion of AMPK, pAMPK, Nrf2, and HO-1 proteins were reduced in both
the CPF and Tax+CPF groups as compared to the DMSO group
(P < 0.05). In the Tax group, the expression of pAMPK, Nrf2, and HO-
1 proteins was reduced significantly (P < 0.05), while that of AMPK
did not change (P > 0.05). Compared to the CPF group, the expression
of AMPK and pAMPK proteins was relatively higher (P < 0.05) and
that of Nrf2 and HO-1 was lower (P < 0.05) in the Tax group. In the
Tax+CPF group, the expression of AMPK was slightly elevated, albeit
not significantly (P > 0.05), while that of pAMPK, Nrf2, and HO-1
decreased markedly (P < 0.05) (Fig. 6C, D).

4. Discussion

Chlorpyrifos is an organophosphorus insecticide with broad spec-
trum, high efficiency, low toxicity, low residue, and resistance. It is one
of the most widely used pesticide product in domestic and international
market. Individuals are exposed to CPF via respiratory as well as di-
gestive tracts and skin mucosa. Because it is fat soluble, CPF can pass
through the blood-brain barrier into the brain and also through the
placental barrier into the fetal body (Parran et al., 2005; Roncati et al.,
2016). As a major adverse environmental factor that endangers pedia-
tric health, CPF inhibits the activity of acetylcholinesterase, induces
neuroimmune inflammatory response (Helali et al., 2016), and disrupts
the nervous system function.

The relationship between CPF concentration and microglia cells in

Fig. 3. Fluorescence staining to observe effect of Tax on oxidative stress of CPF-induced BV2. Fluorescence staining was used to detect ROS levels in cells and
observed under fluorescence microscope. A: DMSO group’s green fluorescence were rarely and brightness were weak, CPF group’s green fluorescence were more and
brightness were stronger, while Tax and Tax+CPF group’s green fluorescence were more less and brightness were more weaker. B: Compared with DMSO group,
ROS in CPF group were significantly increased, and no significant increase in Tax and Tax+CPF group. Compared with CPF group, ROS significantly decreased in
Tax and Tax+CPF group, and the difference was statistically significant. *P < 0.05, **P < 0.001.

Fig. 4. Effect of Tax on the expression of TNF-
α and IFN-γ in CPF-induced BV2 cells. The le-
vels of TNF-α and IFN-γ in the supernatant of
the cells were detected by ELISA to clarify the
effect of Tax on the inflammatory reaction of
BV2 cells induced by CPF. There was no sta-
tistically difference between DMSO and Tax
group. The levels of TNF-α and IFN-γ in CPF
and Tax+CPF group were significantly in-
creased comparing with DMSO group, and the
difference was statistically significant.
Compared with CPF group, the levels of TNF-α
and IFN-γ in Tax+CPF group was dramatic
decline with statistically significant. *compar-
ison with DMSO group P < 0.05, ※compar-
ison with CPF group P < 0.05, ◎comparison
with Tax group P < 0.05.
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vitro, especially BV2, has not been reported. Otherwise, the harmful
concentration of CPF in various cells are also different. Reyna’s research
used 50 μM or 100 μM CPF to treat JEG-3 cells (Reyna et al., 2017). In
astrocyte-neuron co-cultures, 10–30 μM CPF was significative con-
centration (Wu et al., 2017). Shrestha mentioned that 6mg/L and
12mg/L CPF belongs to sub-toxic exposure concentration (Shrestha
et al., 2018). Recently a member of our group has reported that

viability of SH-SY5Y cells was inhibited by CPF in a dose-dependent
manner (25, 50, 100, and 200 μM) (Zhao et al., 2019). Based on our
pre-experiment, 200 μM CPF can induce morphology of BV2 cells
changing distinctly without most cells dead. So we chose this con-
centration for our research.

Tax plays a role in the anti-oxidant, anti-inflammatory, and anti-
allergic reactions by inhibiting and scavenging the free radicals (Ma

Fig. 5. Effect of Tax on autophagocytosis of
BV2. Immunofluorescence staining was used to
detect level of LC3 II in cells and positive an-
tibody showed green. Protein expressions of
p62 and LC3 II were determined by western
blot method. A: IF detection of LC3 II expres-
sion in BV2 cells. LC3 II mainly expressed in
cytoplasm. Compared with DMSO group, the
expression of LC3 II in CPF group was not
significantly increased in the cytoplasm, and
the expression of LC3 II in both Tax and
Tax+CPF group’s cells increased in the cyto-
plasm. B&C: Tax effect of CPF on the expres-
sion of p62, LC3 protein in BV2 cells.
Compared with the DMSO group, there was no
significant difference in CPF group. The levels
of p62 and LC3 II in Tax group were increased.
The levels of p62 decreased in Tax+CPF
group, while the expression level of LC3 II was
increased (P < 0.05).* P < 0.05. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Fig. 6. Effect of Tax on AMPK level and Nrf2/
HO-1 pathway. Western blot method was used
to determine the p-AMPK, AMPK, Nrf2, HO-1
protein expression of BV2 cells in each group
with CPF induction, as well as the expression
level of these proteins after blocking AMPK
pathway by Compound C. A&B.: Tax effects of
CPF on the expression of p-AMPK, AMPK, Nrf2,
HO-1 protein in BV2 cells. The expression of
AMPK, p-AMPK, Nrf2, HO-1 in CPF group were
no significant change comparing with the
DMSO group. The expression of AMPK and p-
AMPK protein were increased in Tax group,
while the expression of Nrf2 and HO-1protein
were reduced. In Tax+CPF group, AMPK and
p-AMPK protein expression were reduced,
while the Nrf2 protein was higher expression,
HO-1 protein was no significant increase in
expression. Compared with CPF group, AMPK
and p-AMPK proteins’ expression were without
significant increase in the Tax group, while the
proteins expression of Nrf2 and HO-1were re-
duced. In the Tax+CPF group, there were
reduction of p-AMPK protein expression, in-
crease of Nrf2, unchanged of HO-1expression.

C&D: Compound C on the expression of p-AMPK, AMPK, Nrf2, HO-1 protein in BV2 cells of each group. After the intervention of Compound C for 1 h, the expression
of AMPK, p-AMPK, Nrf2 and HO-1 were reduced both in the CPF and Tax+CPF group, comparing with the DMSO group. The Tax group’s protein expression of p-
AMPK, Nrf2 and HO-1 were reduced (P < 0.05), but AMPK were without obviously change. Compared with the CPF group, AMPK and p-AMPK were relatively
higher with lower of Nrf2 and HO-1 in the Tax group. In the Tax+CPF group, expression of AMPK slightly elevated but without statistically significant, while p-
AMPK was relatively decreased, as well as Nrf2 and HO-1. *comparison with DMSO group P < 0.05, ※comparison with CPF group P < 0.05.
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et al., 2012). Intriguingly (Wang et al., 2006), Tax was found to im-
prove the cerebral ischemia reperfusion injury, and the mechanism
might be attributed to the antioxidant effect mediated via the regulated
cerebral ischemia-reperfusion injury of the NF-κB activity.

This study showed the toxic effect of CPF on BV2 cells: round
morphology, cell synaptic atrophy, adhesion degeneration inducing cell
aggregation gloating, and reduced cell survival rate. However, after Tax
treatment, the activity and morphology of BV2 cells were improved.
Thus, Tax exhibits a protective effect on the cells from CPF-induced
damage. When we used Tax to treat BV2 for different time, the result
shows that the cell activity was decline after 12 h and 24 h, comparing
with blank group. Therefore we chose 6 h as time point for research to
avoid Tax’s effect of cell activity.

CPF and its metabolites damage tissues and cells through various
biochemical pathways. Saulsbury reported that CPF can increase the
production of NO in oligodendrocytes leading to oxidative stress
(Saulsbury et al., 2009). Our pre-study showed that CPF induces in-
flammatory response by HMGB1/TLR4/Nox2 signal pathway in mi-
croglial cells (Tian et al., 2015). Apoptosis induced by CPF depends on
ROS signal transduction pathway, such as MAPK pathway, which in-
cluding JNK, p38 and ERK1/2 (Lee et al., 2012). CPF also leads to
apoptosis by mitochondrial fragmentation, depolarization and ex-
cessive ROS production (Dai et al., 2015). And in SH-SY5Y cells, CPF
induces mitochondrial autophagy mediated by PINK1/ Parkin。

Oxidative stress is a major component of CPF injury. Previous stu-
dies have shown that ROS generation may be major cause of geno-
toxicity, cell cycle perturbations, and apoptosis due to co-exposure with
low doses of CPF (Chauhan et al., 2016). In this study, compared with
DMSO group, ROS in CPF group were significantly increased. It con-
firms that CPF induces oxidative stress in BV2 cells. When the level of
ROS is more than the natural antioxidant capacity, the structural and
functional molecules can attack, modify, and damage the tissue. ROS is
produced in large quantities, which can consume the endogenous an-
tioxidant enzyme in the body, causing the expression and activity
changes of various enzymes. The activity of antioxidant enzymes is
decreased, and the removal ability of ROS in the brain tissue is de-
creased, resulting in its excessive accumulation that eventually led to
lipid, protein, DNA oxidation, energy metabolism disorder, and cell
death (Liu et al., 2015b). Compared with CPF group, ROS significantly
decreased in Tax+CPF group, and the difference was statistically
significant. It proves that Tax significantly reduces the oxidative stress
response from CPF injury.

In the current study, the levels of TNF-α and IFN-γ were detected by
ELISA and were found to be significantly increased under CPF treat-
ment, but declined after Tax treatment. Thus, Tax can significantly
reduce the CPF-induced inflammatory response of BV2 cells. Different
types of stimulation can activate the microglia, including classic pro-
inflammatory stimulus (such as fat polysaccharide and IFN-γ), en-
vironmental toxins (such as pesticides, heavy metals, and air pollu-
tants), pathological neural degeneration (such as α-synuclein and Aβ),
and nerve damage, which in turn, trigger a series of host defense signals
(Dutta et al., 2012; Levesque et al., 2010). In the inflammatory response
of the central nervous system, microglial cells release a large number of
inflammatory mediators, including cytokines such as tumor necrosis
factor α (TNF-α) (Binukumar et al., 2011).

LC3 is closely related to mammalian autophagy and is classified as
type I and type II. LC3 I is distributed in the cytoplasm. In the process of
autophagy, the combined system of Atgl2-At95 and ubiquitin sample
enzymes E1, E2, Ap97p, Ap93p, partially change LC3 I to LC3 II that
tightly combines with autophagy and autophagy-lysosome membrane
until the completion of autophagy. Since LC3 I and LC3 II are present
throughout the process of autophagy, they are considered as the bio-
logical markers of autophagy. We can not only detect autophagy by LC3
I and LC3 II but also compare their relative expression to deduce the
strength of the process (Kabeya et al., 2004; Mizushima, 2004; Tanida
et al., 2005; Tanida, 2011). The p62 is one of the selective substrates of

autophagy. Current studies showed that p62 is co-localized with LC3,
and hence, immunoprecipitated with LC3. p62 interacts with LC3
through LIR (Noda et al., 2010). The LIR of p62 in human is involved in
autophagy degradation of p62 and the ubiquitin protein (Johansen and
Lamark, 2011). A similar study was reported for the mouse p62 protein.
The structural domain that interacts with LC3 is known as the LC3 re-
cognition sequence (LRS) and is localized between the 334 and 342
amino acid residues in the p62 protein; it effectively combines with LC3
(Ichimura et al., 2008). p62 combines with PB1 structural domain for
oligomerization, which is beneficial for the targeted entry of the mo-
lecule to the autophagy formation site associated with endoplasmic
reticulum; the interaction with LC3 is involved in the formation of
autophagy (Nezis and Stenmark, 2012). In this study, the Tax+CPF
group had lower level of p62 protein but higher level of LC3 I than cells
in CPF group. The increasing rate of LC3 II/LC3 I indicated abundant
autophagosomes. As a substrate, the decrease in the level of p62 protein
showed enhanced autophagy. This result suggested a protective role of
Tax by promoting autophagy in the cells.

AMPK is a serine/threonine kinase and a sensor of cellular stress
caused by ATP depletion and/or calcium imbalance. It can regulate the
mitochondrial function, oxidative stress response, and autophagy,
which plays a central role in the homeostasis of cell metabolism. The
AMPK expression was found in neurons, glial cells, and vascular en-
dothelial cells in the central nervous system. It is widely distributed in
the central nervous system, rendering it as an effective neuroprotective
target (Bright et al., 2009; Manwani and McCullough, 2013; Osuka
et al., 2009). Nrf2/ARE is a critical endogenous antioxidant stress
pathway. In physiological conditions, Nrf2 and the cytoplasmic protein
KEAPL were combined to inhibit the activity. When cells were under
oxidative stress, Nrf2 with KEAPL was translocated into the nucleus,
where it combines with the oxidation reaction components ARE. Then,
the expression of antioxidants and anti-inflammatory factors is induced
to effectuate the function of resisting oxidative stress and anti-in-
flammation. HO-1 is the target gene regulated by Nrf2/ARE pathway.
The increase in HO-1 expression can enhance its antioxidant capacity,
reduce the generation and release of inflammatory mediators, and in-
hibit the inflammatory response. Several studies confirmed that the
activation of Nrf2/HO-1 signaling pathway can regulate inflammation,
oxidative stress, and autophagy, which in turn, protects the brain injury
(Blasi et al., 1990; Corradin et al., 1993; Ma et al., 2012). Whether the
molecular mechanism of the protective effect of Tax on the neurotoxi-
city of BV2 cells induced by CPF is effectuated through the Nrf2/HO-1
pathway has not yet been reported. The expression of Nrf2/HO-1 was
increased in the Tax+CPF group as compared to the CPF group. It
suggests that Tax reduces oxidative stress in BV2 cells by improving the
expression of Nrf2. To confirm the relationship between AMPK-
Nrf2−HO-1 signal pathway and Tax protection, we chose compound C,
an AMPK inhibitor, to inhibit the protein expression of this pathway.
After the intervention of Compound C for 1 h, compared with the CPF
group, in the Tax+CPF group, expression of AMPK slightly elevated
but without statistically significant, while p-AMPK was relatively de-
creased, as well as Nrf2 and HO-1. It means that, after CPF induced the
damage, Tax executed a protective effect on the BV2 cells by down-
regulating the pAMPK level and activating the Nrf2/HO-1 pathway.

5. Conclusion

Tax serves as an antioxidant, improves the cell vigor, reduces in-
flammation and oxidative stress, and promotes autophagy. It plays a
protective role on CPF-induced toxicity on BV2 cells. In addition, this
protective mechanism might be dependent on the downregulation of
pAMPK levels and the activation of Nrf2/HO-1 signaling pathways.
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