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Chronic and long-term methamphetamine (METH) abuse is bound to cause damages to multiple organs and systems, especially
the central nervous system (CNS). Icariside II (ICS), a type of flavonoid and one of the main active ingredients of the traditional
Chinese medicine Epimedium, exhibits a variety of biological and pharmacological properties such as anti-inflammatory,
antioxidant, and anticancer activities. However, whether ICS could protect against METH-induced neurotoxicity remains
unknown. Based on a chronic METH abuse mouse model, we detected the neurotoxicity after METH exposure and
determined the intervention effect of ICS and the potential mechanism of action. Here, we found that METH could trigger
neurotoxicity, which was characterized by loss of dopaminergic neurons, depletion of dopamine (DA), activation of glial cells,
upregulation of a-synuclein (a-syn), abnormal dendritic spine plasticity, and dysfunction of motor coordination and balance.
ICS treatment, however, alleviated the above-mentioned neurotoxicity elicited by METH. Our data also indicated that when
ICS combated METH-induced neurotoxicity, it was accompanied by partial correction of the abnormal Kelch 2 like ECH2
associated protein 1 (Keapl)-nuclear factor erythroid-2-related factor 2 (Nrf2) pathway and oxidative stress response. In the
presence of ML385, an inhibitor of Nrf2, ICS failed to activate the Nrf2-related protein expression and reduce the oxidative
stress response. More importantly, ICS could not attenuate METH-induced dopaminergic neurotoxicity and behavioral damage
when the Nrf2 was inhibited, suggesting that the neuroprotective effect of ICS on METH-induced neurotoxicity was dependent
on activating the Keapl-Nrf2 pathway. Although further research is needed to dig deeper into the actual molecular targets of
ICS, it is undeniable that the current results imply the potential value of ICS to reduce the neurotoxicity of METH abusers.

1. Introduction

Methamphetamine (METH), an amphetamine-type stimu-
lant that appears as white transparent irregular crystals,
commonly known as “ice,” is rapidly and widely abused
across the world due to easy access to raw materials, simple
synthetic methods, and low production costs [1]. The World
Drug Report 2020 issued by the United Nations Office on
Drugs and Crime pointed out that in the past year, about
27 million people worldwide have used amphetamine-type
stimulants including METH. METH is known for its strong

excitability and high potency for addiction, which can lead
to repeated withdrawal and relapse. Some researchers
defined it as a chronic recurrent disease characterized by
compulsive drug taking, inability to control intake, and
strong drug cravings [2]. Chronic and long-term METH
abuse is bound to cause serious toxic effects on abusers end-
ing with multiple organ and system damages. Especially, the
pathological changes of the central nervous system (CNS)
result in mental disorders such as psychosis, anxiety, and
depression [3, 4] and in cognitive dysfunctions such as
impairment of executive function, attention disability, and
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working memory loss [2, 5]. Nevertheless, there is still a lack
of reliable and effective drugs to prevent and treat METH-
induced neurotoxicity.

Dopaminergic neurons are one of the main attacked tar-
gets by METH, and its damage caused by METH is similar
to the pathological changes of Parkinson’s disease (PD).
While the mechanism of METH-induced neurotoxicity is
not well understood, our previous studies and those of other
researchers’ works have indicated that involves the regula-
tion of neuronal excitotoxicity, oxidative stress, neuroin-
flammation, apoptosis, and autophagy [6-11]. Among
these molecular and cellular processes, oxidative stress seems
to be a bridge connecting neuroinflammation, apoptosis,
and autophagy [4, 12, 13]. When oxidative stress occurs,
the endogenous antioxidant system is also activated, thereby
inhibiting the injury from the oxidative stress and keeping
the body in a balanced state. The pathway involving Kelch
2 like ECH2 associated protein 1 (Keapl) and nuclear factor
erythroid-2-related factor 2 (Nrf2) is crucial in the endoge-
nous antioxidant system. Nrf2 is a redox-sensitive transcrip-
tion factor containing the basic structure of the leucine
zipper [14]. Under physiological conditions, Nrf2 mainly
concentrates in the cytoplasm and forms a complex with
Keapl, which could mediate the degradation of Nrf2
through the ubiquitin-proteasome system [14, 15]. When
reactive oxygen species (ROS) or other substances stimulate,
Nrf2 will dissociate from Keapl and enter the nucleus, where
it interacts with the antioxidant-response element and acti-
vates the expression of antioxidant enzymes such as heme
oxygenase 1 (HO-1) and NAD(P)H:quinone oxidoreductase
1 (NQO-1) [14, 15]. However, when the damage is severe
enough to exceed the regulatory range, the Keapl-Nrf2
pathway will also be affected and lead to a vicious circle of
oxidative stress. Recent studies have confirmed that the
Keapl-Nrf2 pathway dysfunction plays an important role
in METH-induced neurotoxicity [16-19].

Icariside II (ICS), a type of flavonoid, is one of the main
active ingredients of the traditional Chinese medicine Epime-
dium [20]. Extensive data have shown that ICS could exhibit
a variety of biological and pharmacological properties, includ-
ing anti-inflammatory [21, 22], antioxidant [23, 24], and anti-
cancer [20, 25] activities. Recent studies have also found that
ICS has a protective effect against CNS damage. For example,
ICS could attenuate lipopolysaccharide-induced amyloid pro-
duction and inflammation in astrocytes [21] and suppress
oxygen-glucose deprivation/reperfusion- (OGD/R-) induced
hippocampal neuronal death [26]. However, there are no
research reports on whether ICS could protect against
METH-induced neurotoxicity. And if it does so, the relevant
molecular mechanisms are worthy of further study.

To verify this hypothesis, we observed the intervention
effect of ICS and investigated the potential influence of the
Keapl-Nrf2 pathway in a chronic METH-abuse mouse
model that developed CNS injury.

2. Materials and Methods

2.1. Reagents. METH (purity >99.1%) was obtained from
the National Institute for the Control of Pharmaceutical

Oxidative Medicine and Cellular Longevity

and Biological Products (Beijing, China). ICS (Figure 1(a))
was purchased from the ZZBIO Co., Ltd. (Shanghai, China),
and ML385 was purchased from the Macklin Biochemical
Co., Ltd. (Shanghai, China). The antibodies used in this
study were TH (AB152, Millipore, Germany), DAT (bs-
1714R, Bioss, China), a-syn (A7215, Abclonal, China),
GFAP (16825-1-AP, Proteintech, China), Ibal (ab220815,
Abcam, USA), Keapl (60027-1-Ig, Proteintech, China),
Nrf2 (66504-1-Ig, Proteintech, China), HO-1 (700818,
CST, USA), NQO1 (ab80588, Abcam, USA), f-actin (bs-
0061R, Bioss, China), and corresponding secondary anti-
bodies (BLOO3A and BLOO1A, Biosharp, China).

2.2. Animal Treatments. Male C57BL/6] mice (20-22g, 8
weeks old) were purchased from the Laboratory Animal
Center of Southern Medical University (Guangzhou, China)
and housed in a standard animal room with temperature
(22 £2°C), humidity (55 + 5%), light cycles (12h light and
12h dark), and free access to food and water. All experi-
ments were approved by the Animal Care and Use Commit-
tee of Southern Medical University (No. L2017208) and
were performed according to ethical standards described in
the NIH guidelines. The chronic METH-abuse mice model
was established according to the 14-day administration
schedule (Table 1), which was determined based on our pre-
vious studies [8, 27, 28]. And 10 mg/kg or 30 mg/kg of ICS
was administered orally to investigate the intervention effect
of ICS on METH-induced neurotoxicity by referring to an
earlier study [29]. As shown in Figure 1(b), the animal
experiments were divided into two phases.

In the first phase, the mice were randomly divided into
five groups (16 mice per group):

(1) Control: saline (orally, once a day for four week-
s)+saline (saline in place of METH, intraperitoneal
injection, according to the 14-day dosing schedule)

(2) ICS;: 30 mg/kg of ICS (orally, once a day for four week-
s)+saline (saline in place of METH, intraperitoneal
injection, according to the 14-day dosing schedule)

(3) METH: saline (orally, once a day for four week-
s)+METH (intraperitoneal injection, according to
the 14-day dosing schedule)

(4) METH+ICS,; : 10 mg/kg of ICS (orally, once a day for
four weeks)+METH (intraperitoneal injection,
according to the 14-day dosing schedule)

(5) METH+ICS,;: 30 mg/kg of ICS (orally, once a day for
four weeks)+METH (intraperitoneal injection,
according to the 14-day dosing schedule)

In the second phase, the mice were randomly divided
into six groups (16 mice per group):

(1) Control: saline (intraperitoneal injection, once a
week for four weeks)+saline (orally, once a day for
four weeks)+saline (intraperitoneal injection,
according to the 14-day dosing schedule, but replace
METH with saline)
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FiGure 1: (a) Molecular structure of ICS. (b) Experimental protocol.
TasLE 1: The METH (mg/kg) administration schedule.

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14
8:00 1.0 1.0 1.0 1.0 1.5 1.5 2.0 2.0 2.5 3.0 35 4.0 4.5 5.0
10:00 1.0 1.5 1.5 2.0 2.0 2.5 3.0 35 4.0 4.5 5.0
12:00 1.0 1.5 1.5 2.0 2.0 2.5 3.0 35 4.0 4.5 5.0
14:00 1.0 1.0 1.0 1.5 1.5 2.0 2.0 2.5 3.0 35 4.0 4.5 5.0

(2) METH: saline (intraperitoneal injection, once a week
for four weeks)+saline (orally, once a day for four
weeks)+METH (intraperitoneal injection, according
to the 14-day dosing schedule)

(3) METH+ICS,;: saline (intraperitoneal injection, once
a week for four weeks)+30 mg/kg of ICS (orally, once
a day for four weeks)+METH (intraperitoneal injec-
tion, according to the 14-day dosing schedule)

(4) ML385: 30 mg/kg of ML385 (intraperitoneal injec-
tion, once a week for four weeks)+saline (orally, once
a day for four weeks)+saline (intraperitoneal injec-
tion, according to the 14-day dosing schedule, but
replace METH with saline)

(5) METH+ML385: 30 mg/kg of ML385 (intraperitoneal
injection, once a week for four weeks)+saline (orally,
once a day for four weeks)+METH (intraperitoneal
injection, according to the 14-day dosing schedule)

(6) METH+ICS;+ML385: 30mg/kg of ML385 (intra-
peritoneal injection, once a week for four
weeks)+30 mg/kg of ICS (orally, once a day for four
weeks)+METH (intraperitoneal injection, according
to the 14-day dosing schedule)

All mice were euthanized 24 h after behavioral tests and
the brains were harvested for further analysis.

2.3. Behavioral Tests. For pole test, the pole (length: 75cm
and diameter: 1.5cm) was placed on the ground verticality.
The mice were placed near the top (5cm from the top) of
the pole facing upwards. The total time taken to reach the
bottom of the pole was recorded. For rotarod test, the mice

were placed on a wheel and the time of latency to fall was
recorded. The speed of the rotarod started from 4 to
40 rpm, and the acceleration rate was 20 rpm/min. Each test
was conducted 3 times after 2 days of training. For gait test,
the apparatus is a U-shaped runway (length: 60 cm, width:
10 cm, and height: 10 cm). The paper was placed on the bot-
tom of the runway. The mice were allowed to run from one
side to the other side. Before the test, the mice were trained
for 2 days. In the test trials, the mice forepaws were painted
red and hindpaws black using nontoxic dyes. The mice were
placed on the runway, and the footprints were acquired.
Stride length was measured between each of the forepaw
and hindpaw footprints.

2.4. Immunohistochemical (IHC) Staining. The mice brains
were fixed in 4% paraformaldehyde and then dehydrated
in gradient alcohol. After being embedded in paraffin, the
brain tissues were sectioned at the coronal plane using a
microtome (RM 2235, Leica, Germany). Sections containing
substantia nigra (SNc) and caudate and putamen (CPu)
areas were subjected to IHC staining. Briefly, the sections
were immersed into sodium citrate solution for antigen
recovery. The sections were then incubated with the anti-
TH antibody for 12h at 4°C. Thereafter, the targeted pro-
teins were visualized by 3’3-diaminobenzidine Kits
(CW2069, CW Bio, China). The images were captured by a
microscope (CX23, Olympus, Japan).

2.5. Nissl Staining. The Nissl staining was performed by
using a Nissl staining kit (G 1434, Solarbio Life Sciences,
China). The paraffin-embedded brains were sectioned using
a microtome (RM 2235, Leica, Germany). The sections were
dewaxed, rehydrated, and then immersed into methylene



Oxidative Medicine and Cellular Longevity

150 - 0.000 15 - 0.000
1 7
0.000  0.000 0.000 0000
— —
2 1004 g Z 10
& 8
° 2
Z %
g 2
- L
50+ g 5
I
0- 0
o v
& S S
© » Q,Xx nyxo SERNCR S @32,
& & &
> RIS
(a) (b)
TH
Con ICSH METH METH+ICSL METH+ICSH
Y I I D

FiGgure 2: Continued.



Oxidative Medicine and Cellular Longevity

150 - 0.000 150 - 0.000
1 I L —
5 0.000  0.003 Z 0.000  0.009
6 | | e | (/q) L | |
= P
2 100 g 100 4 =
v = =~
2§ g &
gl ) =0
T S 8
g8 o Esx
° 50 o ks 50
& =
Z 3
E :
z
0 - 0 4
& L KX & R Y
T xCS‘-"2y CEHE L
%@2* & S %@2*
» +
(d) (e)
Nissl

Con ICSy METH METH+ICS; METH+ICS

Con ICSy METH METH+ICS; METH+ICS

(g

FiGUre 2: Continued.



6

12

B 8-
L
<=
0
=]
2
")
s

h=) 4 -
w

()_

0.000

Oxidative Medicine and Cellular Longevity

0.000
0.000
—

<>
QO xC)%Q» é}‘z‘ \C‘:p\) Oc.)‘z»

F1GURE 2: ICS attenuated neuronal loss and improved behavioral performance in chronic METH abuse mice model. (a) The fall latency was
determined by rotarod test. (b) The descend time was determined by pole test. (c) Representative micrographs of TH staining in CPu and
SNc (scale bar = 400 ym for the low-magnification images and 20 ym for the high-magnification images). (d) Quantification of TH-positive
fibers in CPu. (e) Quantification of TH-positive neurons in SNc. (f) Representative micrographs of Nissl staining in CPu (scale bar = 100
um) and SNc (scale bar = 400 ym). (g) Representative footprint patterns from gait test. (h) Analysis of stride length. n=6 per group for
behavioral tests and # = 4 per group for IHC staining and Nissl staining.

blue staining solution for 10 min. After being immersed in
the Nissl differentiation solution for 3s, the sections were
rinsed in water and then dehydrated in pure alcohol. A
microscope (CX23, Olympus, Japan) was used to obtain
images.

2.6. Western Blot. The striatum tissues were homogenized in
a protein extraction buffer (Beyotime, China) containing
protease and phosphatase inhibitors. After centrifugation
(12,000 g, 10min, 4°C), the protein supernatant was col-
lected and measured with a Protein Quantitative Analysis
kit (Biocolors, China). The protein loading buffer was added
to the supernatant and boiled at 99°C for 10 min. The sam-
ples were separated by SDS-PAGE and transferred to
0.45 ym PVDF membranes (Millipore, USA). After blocking
in 5% nonfat milk at room temperature for 1h, the mem-
branes were then incubated overnight at 4°C with the follow-
ing primary antibodies: TH, DAT, a-syn, GFAP, Ibal,
Keapl, Nrf2, HO-1, NQO1, and f-actin. The dilution ratios
for all antibodies were 1:1000. In the next day, the mem-
branes were incubated with the secondary antibody at room
temperature for 1h, and electrochemiluminescence reagents
(Bio-Rad, USA) were added to visualize the immunoblot sig-
nals. Image] software was used to measure band densities.

2.7. Measurement of Dopamine (DA) Levels. The striatum
was homogenized in an ice-cold buffer containing 0.01 mM
of HCIO, and 0.01% EDTA. After centrifugation (20,000 g,
20 min, 4°C), DA levels in the supernatant were assessed by
using HPLC.

2.8. Dendritic Spine Analysis. Brain tissues were fixed in 4%
paraformaldehyde for 6h. The sections (thick in 200 ym)

were acquired using a vibratome (VT1200S, Leica, Ger-
many). Lucifer yellow dye (L453, MA, USA) was loaded in
a pipette for injection into the neurons of CPu. The dye
was injected into a neuron for 25 min with a 1-3nA current.
The pipettes were removed when the dendritic branches
were visualized. Dendritic images were acquired under a
confocal microscope (LSM 880, Zeiss Carl, Germany). The
numbers of dendritic spines were analyzed using Image]
software.

2.9. Measurement of ROS, MDA, SOD, and GSH Levels. The
ROS levels in striatum were measured by using an ELISA
assay kit (MEIMIAN, China). Briefly, the striatum was
homogenized in ice-cold saline, and the supernatant was
collected after centrifugation (3500rpm, 15min, 4°C).
After a series of incubation and washing, a microplate
reader (BioTek, USA) was used to detect the absorbance
at 450 nm, which can be used to calculate the ROS levels.
The MDA, SOD, and GSH levels in striatum were mea-
sured by using commercial kits (Nanjing Jiancheng Bioen-
gineering Institute, China) according to the manufacturer’s
instructions. The samples from striatum were measured
with a microplate reader (BioTek, USA) at 532, 450, and
405nm for further calculating MDA, SOD, and GSH
levels, respectively.

2.10. Data Analysis. All experiments were repeated at least
four times and data were represented as the mean + SD.
One-way ANOVA (followed by the Tukey HSD and LSD
tests) was performed by using SPSS 21 (IBM SPSS, Chicago,
United States), and p <0.05 was considered statistically
significant.
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Figure 3: ICS increased TH, DAT, and DA levels and decreased GFAP, Ibal, and a-syn levels in striatum of METH mice model.
Figures 3(a)-3(c) Representative WB images and quantification of TH and DAT. (d) Measurement of DA levels by using HPLC.
Figures 3(e)-3(h) Representative WB images and quantification of GFAP, Ibal, and a-syn. n =4 per group.

3. Results

3.1. ICS Attenuated Neuronal Loss and Improved Behavioral
Performance in Chronic METH-Abuse Mice Model. Rotarod
test, pole test, and gait test revealed that chronic METH abuse
induced the impairment of motor coordination and balance,
while both low (10 mg/kg) and high (30 mg/kg) dosages of
ICS could improve these impaired behavioral performances
elicited by METH (Figures 2(a), 2(b), 2(g), and 2(h)). We next
performed IHC staining of TH to detect the dopaminergic
neuron number in SNc¢ and CPu of each group of mice
(Figure 2(c)). Quantitative analysis of TH staining showed that
both 10 mg/kg and 30 mg/kg of ICS could attenuate the loss of
dopaminergic neurons in METH-treated mice (Figures 2(d)
and 2(e)). Similarly, the numbers of Nissl-positive cells were
increased in SNc and CPU of ICS+METH mice compared to
METH mice (Figure 2(f)).

3.2. ICS Increased TH, DAT, and DA Levels and Decreased
GFAP, Ibal, and «a-Syn Levels in Striatum of METH Mice
Model. To further verify the protective effects of ICS on
dopaminergic neurons decreased by METH, WB and
HPLC analyses were used to detect DAT, TH, and DA
levels in striatum of each group of mice, respectively. We
found that the levels of DAT, TH, and DA remarkably
decreased in METH mice compared to control mice. How-
ever, treatment with ICS increased TH, DAT, and DA
levels reduced by METH (Figures 3(a)-3(d)). Considering
that glial activation and high expression of a-syn are man-
ifestations of METH neurotoxicity, we continued to detect
the expression of GFAP, Ibal, and a-syn in striatum of
each group of mice. The WB results suggested that
METH-induced high-level expressions of GFAP, Ibal,
and a-syn were suppressed in ICS-received mice
(Figures 3(e)-3(h)).

3.3. ICS Alleviated the Abnormalities of Dendritic Spines of
Neurons in CPu of METH Mice Model. We next conducted
morphology analysis for dendritic spines of neurons in CPu
area. Compared with the control mice, METH-treated mice
exhibited decreased numbers of total dendritic spines,
mushroom-type dendritic spines, and stubby-type dendritic
spines in neurons. Both low and high dosage ICS intervention
alleviated the abnormalities of dendritic spines of neurons in
CPu of METH mice model (Figures 4(a)-4(d)). In addition,
we found that there was no difference in the numbers of thin-
type dendritic spines of neurons between each group of mice
(Figure 4(e)).

3.4. ICS Activated the Keapl-Nrf2 Pathway and Reduced
Oxidative Stress in Striatum of METH Mice Model. Given the
crucial role of oxidative stress in METH neurotoxicity, we then
investigated whether the Keap1-Nrf2 pathway and its mediated
antioxidative stress were countable for the neuroprotective abil-
ity of ICS. Here, we found that METH inhibited the Keap1-Nrf2
pathway and elicited a serve oxidative stress response, which
was featured by the upregulation of ROS (Figure 5(a)), MDA
(Figure 5(b)), and Keap1 (Figures 5(h) and 5(i)) levels and by
the downregulation of SOD (Figure 5(c)), GSH (Figure 5(d)),
Nrf2 (Figures 5(e) and 5(f)), NQO1 (Figures 5(e) and 5(g)),
and HO-1 (Figures 5(h) and 5(j)) levels in striatum of METH
mice, whereas the decrease or increase of these indicators was
all recovered to some extent in both ICS;+METH mice and
ICS,;+METH mice compared to METH mice (Figures 5(a)-
5(j)). These data implied that ICS might protect against
METH-induced neurotoxicity by activating the Keapl-Nrf2
pathway and reducing oxidative stress.

3.5. In the Presence of ML385, an Inhibitor of Nrf2, ICS
Failed to Activate the Nrf2-Related Protein Expression and
Reduce Oxidative Stress in Striatum of METH Mice Model.



Oxidative Medicine and Cellular Longevity 9

20 ~ 0.000
1
Con 0.000  0.002
. | — | —
E 154
=
ICSy =
£
E 10+
a
g
METH i
ERER
o
=
METH+ICS,
0
000 \,Cj"«b &Qy xdj\) \/Cs’é
¥ &
METH+ICSy; @ §
(b)
12 0.000 8

0.000

0.000 _ 0.001 0000  0.000
1

Spine number per 10 pm (Mushroom)
(=] w [=)}
I 1 1
Spine number per 10 um (Stubby)
o [\S} W
I 1 1
%

X < >
¥ ¥ &
(©) (d)

4 -

Spine number per 10 um (Thin)

&
UGN SPCAPC

S
if"&@%

e)

—~

F1GURE 4: ICS alleviated the abnormalities of dendritic spines of neurons in CPu of METH mice model. Figure 4(a) Representative images of
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F1GURE 5: ICS activated the Keapl-Nrf2 pathway and reduced oxidative stress in striatum of METH mice model. Figure 5(a) The ROS levels
were measured by using an Elisa kit. Figures 5(b)-5(d) The MDA, SOD, and GSH levels were measured by using commercial Kkits.
Figures 5(e)-5(j) Representative WB images and quantification of Nrf2, NQO1, Keapl, and HO-1. n =4 per group.

ML385, an inhibitor of Nrf2 [30], was used to further con-
firm whether the Keapl-Nrf2 pathway and its mediated
antioxidative stress were involved in the protective effect of
ICS on METH neurotoxicity. First, we focused on the effect
of ML385, ICS, and METH on the Keap1-Nrf2 pathway and
oxidative stress response. Consistent with the first phase of
the experiment, we found that ICS activated the Keapl-
Nrf2 pathway and reduced oxidative stress in striatum of
METH mice (Figures 6(a)-6(j)). Besides, the mice treated
with ML385 alone exhibited lower levels of Nrf2, NQO1,
HO-1, GSH, and SOD but higher levels of ROS and MDA
than the control mice. The changes of these indicators were
more obvious in ML385+METH mice compared to METH
alone mice (Figures 6(a)-6(h) and 6(j)). In addition, we
found that the regulation of Keapl by ICS was not affected
in the presence of ML385 (Figures 6(h) and 6(i)). Neverthe-
less, after inhibiting Nrf2 by ML385, ICS failed to activate

the Nrf2-related protein expression and to reduce oxidative
stress in striatum of METH mice model (Figures 6(a)-6(h)
and 6(j)).

3.6. When Nrf2 Was Suppressed, ICS Could Not Attenuate
Dopaminergic ~ Neurotoxicity, nor Improve Impaired
Behavioral Performance in Chronic METH Abuse Mice
Model. Next, we will determine if ICS, when Nrf2 was sup-
pressed, could still attenuate dopaminergic neurotoxicity
and improve impaired behavioral performance in chronic
METH abuse mice model. Compared with the METH alone
group, the indicators that reflected the damage to dopami-
nergic neurons and motor coordination and balance became
more serious in METH+ML385 group. In behavioral perfor-
mance, the fall latency in rotarod test was lower
(Figure 7(a)), the descend time in pole test was longer
(Figure 7(b)), and the stride length in gait test was shorter
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FIGURE 6: In the presence of ML385, an inhibitor of Nrf2, ICS failed to activate the Nrf2-related protein expression and to reduce oxidative
stress in striatum of METH mice model. Figure 1(a) The ROS levels were measured by using an Elisa kit. Figures 6(b)-6(d) The MDA, SOD,
and GSH levels were measured by using commercial kits. Figures 6(e)-6(j) Representative WB images and quantification of Nrf2, NQO1,

Keapl, and HO-1. n =4 per group.

(Figures 7(h) and 7(g)). In morphological and molecular
studies, the numbers of TH-positive neurons and Nissl-
positive neurons were lower in SNc and CPu
(Figures 7(c)-7(f)). The TH, DAT, and DA levels were lower
(Figures 8(a)-8(d)), and the GFAP, Ibal, and a-syn levels
were higher (Figures 8(a) and 8(e)-8(g)). The decreased
numbers of total dendritic spines, mushroom-type dendritic
spines, and stubby-type dendritic spines in neurons were
also more obvious (Figures 9(a)-9(d)). More importantly,
while ICS treatment could alleviate the above-mentioned
neurotoxicity and behavioral damage induced by METH,
however, when Nrf2 was suppressed, ICS failed to show its
neuroprotective effects in chronic METH abuse mice model
(Figures 7-9). This suggests that the neuroprotective effect
of ICS on METH-induced neurotoxicity was achieved by
activating the Keapl-Nrf2 pathway.

4. Discussion

This study showed that METH could trigger neurotoxicity,
which was characterized by dopaminergic neurons loss, glial
cell activation, a-syn upregulation, DA depletion, and den-
dritic spines abnormalities. The neurotoxicity is also accom-
panied by behavioral impairments (specifically, dysfunction
of motor coordination and balance). ICS treatment allevi-
ated the above-mentioned neurotoxicity and behavioral
impairments induced by METH. We also found that the
neuroprotective effect of ICS on METH-induced neurotoxic-
ity was achieved by activating the Keapl-Nrf2 pathway and
decreasing the oxidative stress response.

The toxic effect of METH on dopaminergic neurons is
one of its most representative neurotoxic manifestations,

which has been extensively studied. Due to the high lipid
solubility, METH can cross the blood-brain barrier (recent
studies suggested that METH can destroy it [31]) and enter
the brain parenchyma. METH infiltrates the brain further
into dopaminergic neurons through the DAT and exerts its
toxic effects there. METH initially enhances DA release
and inhibits DA reuptake, thereby activating dopaminergic
signals in the reward pathway to trigger reward behavior
and subsequently drug addiction. However, with the pro-
longed METH exposure, neurotoxic effects on dopaminergic
neurons occur, specifically manifested as the downregulation
of TH and DAT levels and DA depletion [10, 32]. Using pos-
itron emission tomography imaging, Volkow et al. [33]
found that the DAT density in striatum of METH abusers
was decreased compared to those of healthy individuals. Pre-
vious studies have also found that METH treatment could
reduce the expression levels of TH, DAT, and DA in labora-
tory animals [6, 8, 34, 35]. Consistent with these studies, we
duplicated the dopaminergic neurotoxic phenotype in mice
after chronic METH exposure. Considering the various
pharmacological properties of ICS, we selected it as a candi-
date to study whether it could reduce the neurotoxicity
induced by METH. We have collected evidence showing that
ICS could attenuate the loss of dopaminergic neurons and
the decrease of DA concentrations in the METH mice
model. The neuroprotective effects of ICS have been men-
tioned in other animal disease models. Xu et al. [26] demon-
strated that ICS could mitigate OGD/R-induced primary
hippocampal neuron injury. ICS also remarkably amelio-
rated beta-amyloid (Af8) generation and neuronal degrada-
tion in APP/PS1 double transgenic mice [29]. Interestingly,
a recent study found that human amniotic mesenchymal
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fall latency was determined by rotarod test. Figure 7(b) The descend time was determined by pole test. Figure 7(c) Representative
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images). Figure 7(d) Quantification of TH-positive fibers in CPu. Figure 7(e) Quantification of TH-positive neurons in SNc. Figure 7(f)
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footprint patterns from gait test. Figure 7(h) Analysis of stride length. n =6 per group for behavioral tests and # =4 per group for IHC
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Measurement of DA levels by using HPLC. n =4 per group.

stem cells could differentiate into dopaminergic neuron-like
cells under the influence of ICS [36]. Thus, both this study
and previous studies suggest the neuroprotective potential
of ICS.

METH-induced dopaminergic neuron damage is similar
to the pathological changes of PD, which is an increased risk
for METH abusers [37]. In this study, a high-level expres-
sion of a-syn was observed in striatum of METH mice
model, which was consistent with our previous studies [35,
38, 39]. The abnormalities in the dendritic spines of striatal
neurons were observed in PD [40]; therefore, the pathologi-
cal changes of dendritic spines of neurons in CPu were ana-
lyzed after METH exposure. We found that METH caused
abnormal dendritic spine morphology and spine number.

We then detected the motor coordination and balance abil-
ity of METH-treated mice through pole test, rotarod test,
and gait test. Compared with the control mice, mice treated
with METH exhibited poorer behavioral performance. The
above results further proved that METH could induce PD-
like symptoms [35]. Surprisingly, unlike the protective
effects of ICS on the Alzheimer’s disease (AD) model
[41-44], we found in this study that ICS could alleviate
METH-induced high-level expression of a-syn, dendritic
spines abnormalities, and dysfunction of motor coordina-
tion and balance.

Oxidative stress plays an essential role in METH-
induced neurotoxicity [45], and it always has crosstalk with
inflammatory response, apoptosis, autophagy, and other
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FIGURE 9: When Nrf2 was suppressed, ICS could not alleviate the abnormalities of dendritic spines of neurons in CPu of METH mice model.
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molecular pathological mechanisms [4, 12, 46]. ROS is a by-
product of aerobic metabolism, including superoxide anion,
hydroxyl radical, and hydrogen peroxide. Under the
dynamic equilibrium between the oxidation system and
antioxidant system, excess ROS will be cleared in time. How-
ever, when the body’s antioxidant system is weakened or
ROS is greatly increased, oxidative stress damage will occur.
Due to the strong oxidative effect, METH abuse will result in
oxidative stress damage. Zeng et al. [46] pointed out that
METH augmented intracellular ROS levels and downregu-
lated the level of glutathione peroxidase 1 (GPX1) and
SODL1. This severe oxidative stress further induced autoph-
agy and apoptosis in human SH-SY5Y neuroblastoma cells
and rat striatum.

Nrf2 exerts an antioxidant effect by dissociating from
Keapl and transferring into nuclear, where it interacts with
the antioxidant response element and activates the expres-
sion of antioxidant enzymes. When Nrf2 nuclear transloca-
tion and its downstream gene expression be inhibited, it
will cause redox imbalance and oxidative stress injury [47].
Conversely, activating the Keapl-Nrf2 pathway by increas-
ing the expression and effect of Nrf2 will play a protective
role against disease states [48, 49]. Unfortunately, multiple
exposures to METH increased Keapl expression but
decreased Nrf2 expression and thus downregulated down-
stream antioxidant enzyme expressions like HO-1 and
glutamyl-cysteine synthetase-y [18]. Besides, METH not
only enhanced ROS production but also inhibited the
Keapl-Nrf2 pathway, thus resulting in damage to neurons
in ventral tegmental area of rats [19]. In line with these pre-
vious results, in this study, we also found that chronic
METH abuse inhibited the Keap1-Nrf2 pathway and elicited
oxidative stress. Moreover, ICS exhibited positive effects on
activating the Keapl-Nrf2 pathway and attenuating oxida-
tive stress in striatum of METH mice model, implying the
involvement of the Keap1-Nrf2 pathway and oxidative stress
in ICS-regulated METH neurotoxicity.

We next used ML385, an inhibitor of Nrf2, to further
confirm whether the Keapl-Nrf2 pathway and oxidative
stress were involved in the protective effect of ICS on METH
neurotoxicity. Just as expected, in the presence of ML385,
ICS failed to activate the Keapl-Nrf2 pathway and to reduce
oxidative stress in striatum of METH mice. More impor-
tantly, ML385 blocked the protective effects of ICS on neu-
ronal loss, dendritic spines abnormalities, and behavioral
impairments induced by METH. Also, inhibition of Nrf2
eliminated the regulatory ability of ICS on the abnormal
expression of TH, DAT, DA, GFAP, Ibal, and a-syn. These
results proved that ICS could attenuate the METH-induced
neurotoxicity via modulating the Keapl-Nrf2 pathway and
the oxidative stress. Although previous studies have shown
that ICS might achieve antioxidant effects by activating
Nrf2-related protein expression and decreasing ROS levels
in several diseases [50-52], we collected evidence for the first
time that ICS could combat METH-induced neurotoxicity
and PD-like symptoms through mediating the classic anti-
oxidant Keap1-Nrf2 pathway and oxidative stress.

For decades, accumulative evidence from preclinical
studies has shown that many natural plants and their active
ingredients have preventive and therapeutic effects on neu-
rodegenerative diseases. For example, in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine- (MPTP-) induced PD
mice model, chlorogenic acid, ursolic acid, Tinospora cordi-
folia, and Mucuna pruriens could exhibit antiapoptotic, anti-
inflammatory, antioxidant, or other pharmacological prop-
erties, which contribute to protection against neurotoxicity
elicited by MPTP [53-57]. Similarly, our study found that
ICS, a type of flavonoid and one of the main active ingredi-
ents of the traditional Chinese medicine Epimedium, could
confer neuroprotection against METH-induced neurotoxic-
ity via the Keapl-Nrf2 pathway activation and subsequent
antioxidant and anti-inflammatory reinforcement.

While the mechanism of how Nrf2 dissociates from
Keapl is unclear, studies have shown that several kinases,



Oxidative Medicine and Cellular Longevity

such as advanced protein kinase B (AKT) and extracellular
signal-regulated kinase (ERK), may be involved in Nrf2 acti-
vation and nuclear translocation. Lv et al. [58] found that
Licochalcone A could enhance Nrf2 nuclear translocation
and HO-1 expression through AKT and ERK activation in
tert-butyl hydroperoxide-treated RAW 264.7 cells. The pro-
tective effect of sesamin on ulcerative colitis was also
involved in the activation of AKT/ERK and subsequent
enhancement of Nrf2 signaling [59]. The limitation of this
study was that we did not investigate the prime target mole-
cules directly affected by ICS in the METH exposure model.
Therefore, the exact mechanism by which ICS activates the
Keapl-Nrf2 pathway remains to be answered in the future.

Besides, the anti-inflammatory role of the Keapl-Nrf2
pathway has been fully verified and widely recognized. The
nuclear factor kappa B (NF-«B) is one of the most concerned
transcription factors in inflammatory pathways. It has been
suggested that there is complex crosstalk between the Nrf2
and NF-«xB pathways. A review written by Bellezza et al.
[60] pointed out that compounds that suppress NF-«B sig-
naling could activate the Nrf2 pathway, and activated NF-
kB could also stimulate the Nrf2 pathway, which could
inhibit NF-xB activity conversely. Previous studies indicated
that ICS could attenuate lipopolysaccharide-induced neuro-
inflammation by regulating the NF-«B pathway [21, 22].
Consistently, in this study, ICS activated the Keapl-Nrf2
pathway suppressed by METH to decrease glial cell activa-
tion. However, this positive influence was blocked when
Nrf2 was inhibited.

In sum, the major findings of this work are that ICS can
attenuate the METH-induced neurotoxicity and PD-like
behavioral impairments via activating the Keap1-Nrf2 path-
way. Although further research is needed to dig deeper into
the actual molecular targets of ICS, it is undeniable that the
current results imply the potential value of ICS to reduce the
neurotoxicity of METH abusers.
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Oxidative stress (OS) has been implicated in the progression of multiple neuropsychiatric disorders, including schizophrenia (SZ),
major depressive disorder (MDD), bipolar disorder, and autism. However, whether glial purinergic signaling interaction with
oxidative/antioxidative system displays an important role in neuropsychiatric disorders is still unclear. In this review, we firstly
summarize the oxidative/antioxidative pathways shared in different glial cells and highlight the cell type-specific difference in
response to OS. Then, we collect the evidence showing the regulation of purinergic signaling in OS with an emphasis on
adenosine and its receptors, P2Y1 receptor in the P2Y family and P2X7receptor in the P2X family. Available data shows that
the activation of P1 receptors and P2X accelerates the OS; reversely, the activation of the P2Y family (P2Y1) causes protective
effect against OS. Finally, we discuss current findings demonstrating the contribution of the purinergic signaling system to
neuropsychiatric disorders and point out the potential role of OS in this process to propose a “glial purinergic-oxidative stress”
(“GPOS”) hypothesis for future development of therapeutic strategies against a variety of neuropsychiatric disorders.

1. Introduction

After the discovery of cell energy carrier adenosine 5'-tri-
phosphate (ATP) as a neurotransmitter, the term “puriner-
gic” was introduced by Burnstock for the first time in 1972
[1-3]. Years later, the purinergic receptors were identified
in succession. Until now, there are two families of receptors
that have been identified, including P1 (adenosine activation)
and P2 (ATP and its metabolite activation). P1 receptors
have been classified into four groups: Al, A2A, A2B, and
A3, Similarly, P2 receptors have further been categorized into
P2X (1,2, 3,4, 5,6,and 7) and P2Y (1,2, 4, 6, 11, 12, 13, and
14) [4-6]. ATP is released through various mechanisms into
the synaptic cleft and then hydrolyzed into ADP, AMP, and
adenosine, to further bind to different receptors, triggering
a series of intracellular signaling pathways that have been
well investigated to establish a “purinergic signaling system”
[7]. In the central nervous system (CNS), growing evidence
shows that purinergic signaling plays a key role not only in

physiological conditions but also in various central nervous
disorders, referring to neurodegenerative disorders associ-
ated with Alzheimer’s disease (AD) [8, 9], Parkinson’s dis-
ease (PD) [10], Huntington’s disease (HD) [11], and
Amyotrophic Lateral Sclerosis (ALS) [12] and neuropsychi-
atric disorders, including schizophrenia (SZ) [13], major
depression disorder (MDD), [14], autism [15]. Notably, one
of the important underlying mechanisms associated with
the regulatory effect of the purinergic system in a variety of
brain disorders is the interactive effect between the puriner-
gic system and oxidative stress (OS).

OS is a pathological condition produced by the imbal-
ance between oxidants and antioxidants in a living system
and has been recognized as one of most important pathoge-
netic factors for multiple brain disorders. On the one hand,
repetitive exposure to oxidative stress accelerates a cascade
of intracellular events, including mitochondrial dysfunction,
DNA and mDNA impairment, and neuroinflammation,
which, in turn, cause even more ROS production [16]. On
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the other hand, the oxidative stress-induced byproducts
from the cell could further diffuse in the extracellular space
to affect other tissues, exacerbate neuronal damage, and con-
tribute to development of neurodegenerative and neuropsy-
chiatric disorders [17, 18 ]. Despite the “neuron doctrine”
that has governed brain research for a long time, the impor-
tance of glial cells as architects in CNS has been gradually rec-
ognized and rapidly expanded in past decades [19]. The
interplay between OS and glial cells is bidirectional. OS could
trigger the activation of glial cells, leading to inflammation
[20]. Reversely, chronic inflammation further induces cellular
OS via inflammatory cytokines [21, 22].

However, whether glial purinergic signaling interaction
with the oxidative/antioxidative system participates as a
major pathway in the development and therapeutic of neu-
ropsychiatric disorders is still unclear. Therefore, the aim
of this review is to firstly summarize the regulatory effect
of the glial cell in response to OS and shed light on the
involvement of glial purinergic signaling in this process to
establish a new pathological hypothesis of “GPOS” (glial
purinergic signaling-mediated oxidative stress). Then, we
will discuss the potential application of this hypothesis in
neuropsychiatric disorders with an emphasis on schizophre-
nia (SZ) and major depressive disorder (MDD).

2. Glial Purinergic Signaling-Mediated
Oxidative Stress (“GPOS”)

The hypothesis of GPOS is mainly based on evidence shows
the association of glial cells with the balance of oxidant/anti-
oxidant and regulation of the glial-specific purinergic signal-
ing system in this process.

2.1. Glial Cells and Oxidative Stress. The brain, as a high oxy-
gen consumption organ, is particularly subjective to OS,
resulting in ROS production. Overaccumulation of ROS
damages DNA, lipids, and proteins, ultimately contributing
to necrosis and apoptosis. Besides neurons, the crucial role
of glial cell-related OS also has been comparatively investi-
gated in the past decade. However, different types of glial
cells not only share the same mechanism to produce OS
but also display their unique feature to deal with OS.

2.1.1. Microglia, Astrocyte, and Oligodendrocyte Share the
Same Intracellular Pathway to Generate and Resist OS. Neu-
roinflammation and OS are common properties of neurode-
generative diseases in CNS. Neuroinflammatory stimuli can
lead to elevation of reactive oxygen and nitrogen species
(ROS and RNS), causing neuronal damage. Reversely, neu-
ronal damage induced the release of proinflammatory fac-
tors which further act as a trigger to generate more OS to
shape a feed-forward loop of neurodegeneration. Therefore,
it is reasonable to assume an interactive pathway between
inflammation and OS.

In fact, increasing evidence has confirmed that ERK/NF-
«B, P38 AMPK/NF-«B, and JNK/BF-«B exert the basic path-
way to generate RNS and ROS in response to inflammatory
stimuli in microglia, astrocyte, and oligodendrocyte. In
microglia, activation of murine microglial cell lines (N11
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and BV-2) with LPS and interferon-gamma (IFN-y) caused
the induction of inducible nitric oxide synthase (iNOS), sub-
sequently increasing nitric oxide (NO) release to the sur-
rounding environment [23]. As the two most common
inflammatory signaling pathways, MAPKs and NF-«B were
associated with iNOS/NO induction [24, 25]. Additionally,
the transfection rat microglial cell line with TAKI, the
upstream kinase to activate MAPKs and BF-KB pathways
and its activator protein, TAK1-binding protein 1 (TABI),
caused iNOS promoter-reporter construct activity in microg-
lia through p38 MAPK-, JNK-, and NF-«xB-dependent manner
[26]. Meanwhile, protein kinase C (PKC) also regulated iNOS
production via MAPK and NF-«B pathways in an isoform-
dependent fashion in reactive microglia [27]. The generation
of ROS also associated with activation of these intracellular
pathways. Treating BV-2 cell lines with fluoride led to the
increase in ROS partly via increasing the JNK phosphorylation
level. The increasing levels of intracellular O, could be mark-
edly reduced by using the JNK inhibitor P600125 [28]. Efforts
have also been made to investigate further downstream path-
ways. It turned out that LPS-induced mitochondrial ROS gen-
eration not only activated MAPKSs, including ERK, JNK, and
p38, but also regulated IxB activation and NF-«B nuclear
localization [29]. In primary human fetal astrocyte culture,
direct interleukin- (IL-) 1 stimulation increased iNOS
expression via activation of NF-«B [30]. The source of IL-1
could be from microglia, since the study suggested that
gp41 only could trigger iNOS mRNA expression and NO
production in astrocyte in the presence of microglial cell
IL-1 expression [23, 31]. Zn** application also augmented
LPS-induced NO production by the phosphorylation of p38
MAPK and activation of NF-«B in rat astrocytes [32]. In
response to LPS-induced inflammation, tyrosine kinase Fyn
regulated iNOS expression via modulation of ERK phosphor-
ylation [33]. Matrix metalloproteinase- (MMP-) 9, one of the
zinc-dependent endopeptidases, has been shown to raise an
impact on cell migration and inflammation modulation
[34]. OS, especially the (NOX)/ROS-dependent pathway, is
essential for MMP-9 expression under various stimuli. Japa-
nese encephalitis virus-induced expression of the MMP-9 in
rat brain astrocytes (RBA-1 cells) has been tested via the gen-
eration of ROS, followed by activation of p38, p42/p44
MAPK, and JNK1/2, subsequently leading to NF-xB activa-
tion [35]. Furthermore, stimulating RBA-1 cells with LPS ele-
vated MMP-9 expression and boosted the cell migration via
the (NOX)/ROS-dependent NF-«B pathway [36]. In agree-
ment with microglia and astrocyte, the OS-induced MAPK
pathway is also present in the oligodendrocyte. Early research
found H,0,-induced oligodendrocyte death mainly through
the activation of MAPK, ERK1/2, and p38 pathways [37].
Likely, these three types of glial cells also implicated the
same pathway against OS, called antioxidative pathway. It is
well known that activated nuclear factor erythroid 2-related
factor 2 (Nrf2) could translocate and bind to the antioxidant
response element (ARE), subsequently regulating the expres-
sion of a large battery of genes involved in the cellular anti-
oxidant and anti-inflammatory defense. Meanwhile, Nrf2 is
regulated by its negative regulator Kelch-like ECH-
associated protein 1 (Keapl). Therefore, the Keapl/Nrf2/
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ARE signaling pathway was recognized as the classical anti-
oxidative and anti-inflammatory pathway [38]. Glial cells
also comply with this pathway in response to OS. In BV2
microglia, kolaviron produced antioxidant effect by increas-
ing HO-1 via the Nrf2/ARE pathway [39]. Antioxidation
and anti-inflammatory effect of icariin also depended on
the activation of Nrf2 signaling in microglia [40]. In line
with microglia, activation of the Nrf2/ARE pathway in astro-
cyte reduced OS in Parkinson’s disease model [41], spinal
cord injury [42], and AD [43]. In oligodendrocyte, release
of Nrf2/ARE protected the oligodendrocyte from axonal
damage, demyelination, and neuroinflammation [44]. Inter-
estingly, the Nrf2/ARE pathway could partially work
together with peroxisome proliferator-activated receptor
gamma (PPAR-y) to preserve mitochondrial function,
defend against OS, and promoted OPC differentiation [45].
PPAR-y self-activation induced a protective effect on oligo-
dendrocyte mitochondria attributed to the elevation of the
expression of PGC-la (a mitochondrial biogenesis master
regulator), UCP2 (a mitochondrial protein known to reduce
ROS production), and cytochrome oxidase subunit COX1
and influenced oscillatory Ca** waves to defend against
TNF-«a damage [46, 47].

2.1.2. Microglia, Astrocyte, and Oligodendrocyte Displayed
Their Unique Features in Response to OS. NADPH oxidases
(NOXes) are one of the major sources of cellular ROS. Under
physiological condition, suitable regulation of NADPH oxi-
dase activity is crucial to maintain a healthy level of ROS in
the body. However, overactivity of these enzymes could over-
produce ROS, which further leads to OS and cell damage. To
date, there are 7 human isoforms of the complex, including
NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2.
Interestingly, different types of glial cells showed different
expression patterns which could implicate distinct therapeutic
potential.

The experiments performed on neuron-glia mixed culture
from NADPH oxidase-deficient (PHOX-/-) and wild-type
mice demonstrated that LPS-induced dopaminergic neurotox-
icity mainly was caused by microglial activation through
NADPH oxidase, producing the ROS accumulation [48].
Among the NOX family (NOX1-5 and DUOXI1-2) [49],
NOX 2 was highly expressed in microglia. In contrast, expres-
sion of NOX1 and NOX4 in microglia is still controversial due
to the lack of specific antibodies [50]. Although evidence
showed the increase in both NOX2 and NOX4 levels in
microglia-neuron mixed culture exposed to iron and LPS
[51], the spotlight has been focused on NOX2. By employing
p47PP°*_deficient mice, a study demonstrated that the func-
tional subunit of NOX2 switched microglia to an activation
state in response to an inflammatory challenge [52]. With an
exception of p47°P"*, the increased expression of the p67P"*
subunit also has been observed when N9 microglia lines and
primary microglia culture were treated with angiotensin II
[53]. Unlike microglia, the expression of NOXs in astrocytes
and oligodendrocytes is quite low. In astrocyte, NOX is acti-
vated by PKC and intracellular calcium. The activity of NOX
could be modulated by intracellular pH environment, sup-
pressed by intracellular alkalinization, and enhanced by acidi-

fication [54]. Regardless of less expression of NOXs, treatment
of oligodendrocytes with injured astrocyte media with a reduc-
tion in zinc levels was sufficient to result in NADPH oxidase
activation by gp91 phox [55]. A study by using the cell line
MO3-13 displaying the molecular and cellular features of OL
precursors was performed to determine the effect of NOXs
on oligodendrocyte differentiation. The elevated expression
of NOX3 and NOX 5 in human OLs was observed for the first
time after H,O, treatment, and selective depletion of these
proteins inhibited differentiation induced by the protein
kinase C (PKC) activator, phorbol-12-myristate-13-acetate
(PMA). Furthermore, NOX5 silencing down-regulated
NOX3 mRNA levels, suggesting that ROS produced by
NOXS5 upregulated NOX3 expression [56].

Another distinct feature for different types of glial cells is
their antioxidant gene expression, especially the expression
of glutathione (GSH), a major cellular antioxidant and redox
regulator in the brain against OS. Microglia and astrocyte
showed higher expression compared to oligodendrocyte
[57, 58]. This feature makes oligodendrocyte more suscepti-
ble to OS in comparison with microglia and astrocyte.
Another enzyme, which could inhibit ROS production, is
SHP-1, a non-receptor-type protein tyrosine phosphatase.
The presence of SHP-1 had an inhibitory effect on the acti-
vation of transcription factors NF-xB, STAT3, and STATS6,
further suppressing ROS production [59, 60]. The expres-
sion of SHP-1 mainly depended on the physiopathological
conditions. Although the expression of SHP1 could dramat-
ically increase in all types of glial cells under pathological
stimulation, the physiological expression of SHP1 varied
from microglia and astrocyte to oligodendrocyte. Under
physiological condition, immunohistochemistry showed that
SHP1 immunoreactivity colocalized with GFAP-positive
astrocytes, but not with microglia [61]. In either mixed glial
culture or pure culture, oligodendrocytes expressed high
levels of SHP-1 in the cytoplasm of cell bodies and processes
[62]. The unique expression pattern probably could impli-
cate a dominant antioxidative effect of astrocyte and oligo-
dendrocyte compared to microglia.

2.2. Glia Purinergic Signaling-Mediated OS

2.2.1. P1 Family Member Adenosine and Its Receptors
Exerted an Opposite Effect in Response to OS. Under physio-
logical condition, extracellular ATP could be rapidly con-
verted into ADP, AMP, and adenosine in the presence of
enzymes CD39 and CD73. To keep the homeostasis, the
nucleoside transporters (ENTs) expressed on the membrane
of glial cells take up the excessive adenosine from extracellu-
lar into intracellular part. Intracellular adenosine is either
further hydrolyzed to inosine by adenosine deaminase or
phosphorylated to AMP by adenosine kinase (ADK) to effi-
ciently regulate adenosine levels. In an OS-loaded brain, the
elevated extracellular adenosine could significantly protect
neurons from damage. The study from cultured astrocytes
found that OS induced extracellular adenosine accumulation
partially via decreasing the function of ENT1 without
expression alteration [63]. However, pretreating microglia
with adenosine could significantly decrease H,O,-induced



ROS overproduction compared to the nontreated group.
This benefit is accompanied by expression of antioxidative
enzyme hemeoxygenase-1 (HO-1) expression though Nrf2/
ARE and PI3K/Akt pathways. Furthermore, the effects of
adenosine are independent of its receptors, since pharmaco-
logical activation and inhibition of Al, A2A, and A3 had
small impact on ROS generation and HO-1 expression [64].

Inconsistent with the beneficial effect of adenosine itself,
it exerts a harmful effect on OS once it activates its receptors.
For example, extracellular adenosine activated A3 receptors,
which further caused OS and disturbed mitochondrial mem-
brane potentials in oligodendrocytes [65]. After retinal
detachment, blockade of A2A receptors could protect the
photoreceptor by inhibiting microglia proliferation, decreas-
ing IL-1, and suppressing ROS overproduction [66]. In LPS-
treated mixed glia cultures with astrocyte and microglia, the
A2A agonist CGS21680 potentiated LPS-induced NO release
and NO synthase II expression, and the potentiation was
inhibited by the A2A antagonist ZM-241385 [67].

2.2.2. P2X Family Especially P2X7 Receptor Activation
Exacerbated OS. The P2 receptor family also participates in
the regulation of OS. Among the P2X subgroup, most of
interests have been focused on P2X7 receptors due to their
unique low affinity to ATP, especially under pathological
conditions. Using mixed neuron and microglia culture from
wild-type and P2X7-deficient mice confirmed that micro-
glial P2X7 receptor activation dramatically increased the
release of superoxide and nitric oxide, contributing to corti-
cal neuronal death [68]. Further experiments from S-amy-
loid-stimulated microglia indicated that microglial P2X7
activation could not only induce the release of superoxide
but also increase the level of ROS. This experiment uncov-
ered the important contribution of the influx of extracellular
Ca®" to the production of ROS. Interestingly, the source of
Ca®" influx was attributed to P2X7 activation induced by
B-amyloid-stimulated ATP release directly from microglia
in an autocrine fashion [69]. However, P2X7 activation-
induced ROS production also could be Ca®" independent.
In the murine microglial EOCI13 cell line, researchers found
that cells had higher ATP-induced ROS formation in the
absence of Ca** compared to the presence of Ca®" without
P2X7 function alteration. Results were confirmed by incuba-
tion of the Ca** chelator EGTA. Similarly, high extracellular
K" incubation also was unable to impair P2X7-induced ROS
formation [70]. P2X7-induced ROS production could be
influenced by extracellular acidification in different ways in
the BV-2 microglial line. Short-time acidification efficiently
suppressed maximal ionic current response of P2X7 at the
upstream level. However, long-lasting acidification induced
intracellular OS by coordinating enhancement with P2X7
activation for mitochondrial toxicity [71].

The intracellular pathways of P2X7 activation-induced
OS also have been investigated. In primary rat microglia cul-
ture, both ATP and P2X7 agonist BzATP stimulations
caused the production of superoxide by activation of
NADPH oxidase and pharmacological inhibition of P38
MAPK attenuated the superoxide production. This experi-
ment indicated that microglial P2X7 activation induced cor-
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tical neuron death by the NADPH-P38 MAPK pathway
[72]. Although the ATP/P2X7/ROS-/ASK1/p38 pathway
has been identified in macrophage [73], other studies
addressed this pathway in microglia, the resident immune
cells of the CNS. Therefore, BV2 and MG6 microglia lines
were used for this purpose. By using the immunoblot
method, researchers found ATP-induced P38 phosphoryla-
tion which could be reversed by the p38 inhibitor SB, ROS
scavengers, and P2X7 inhibitor CBB. Together with all the
results, it turned out that P2X7 activation-induced ROS gen-
eration was a necessary process to activate the ASK1-p38
pathway. Furthermore, the CaMKII inhibitor KN-93 that
suppressed ASK1 activation, p38 activation, and cell death
further identified the upstream signaling of ASK1-p38 [74].
Compared to the MAPK signaling pathway which was
largely related to cellular proliferation, differentiation, and
survival, the AMPK signaling regulates cellular metabolism
and cellular energy homeostasis by monitoring the
AMP : ADP: ATP ratio [75]. Therefore, to uncover if P2X7
activation-induced OS via the AMPK pathway further con-
tributes to mitochondrial dysfunction will be particularly
important in future. The influx of Ca®" and efflux of K*
are two major upstream events after P2X7 receptor activa-
tion. Intracellular overload of Ca** together with robust
efflux of K" interrupted the cytosol pH and mitochondrial
electron transport, followed by ROS overproduction. To
our knowledge, ROS overproduction parallel with Ca®*/
CaMKII resulted in phosphorylation of AMPK. The conse-
quence of AMPK activation further increased mitochondrial
fission and caused cell death in cultured BV-2 microglia cells
[76]. In astrocyte, P2X7 receptor activation increased ROS
production through NADPH oxidase, subsequently leading
to IL-6 release [77].

2.2.3. P2Y Family Especially P2Y1 Receptor Activation
Alleviated OS. Parallel with ion channel P2X receptors, the
G protein-coupled P2Y family is also associated with regula-
tion of OS in a different way. In cultured astrocytes, short-
time ATP incubation displayed a protective effect against
H,0,-induced cell death. However, preapplication of the
P2Y1 receptor antagonist MRS2179 efficiently reversed the
protective action, which confirmed the involvement of
P2Y1. The results from DNA microarray analysis and quan-
titative RT-PCR analysis demonstrated that ATP incubation
upregulated oxidoreductase genes such as TrxR, CBR, and
superoxide dismutase-like gene. However, detailed connec-
tion between P2Y1-related protection and the upregulated
genes was still unclear [78]. In coculture with astrocyte and
neurons, they found that the protective effect induced by
P2Y1 receptor activation against H,O, attributed to IL-6
release from astrocyte instead of neuron [79]. The mecha-
nism of P2Y1 induced protective effect against H,O, in
astrocyte has been tested. Researchers found that H,O,
evoked the activation of src tyrosine kinase, which further
enhanced ERK1/2 phosphorylation, resulting in cell death.
Therefore, inhibition the activation of src tyrosine kinase
was a crucial process to protect the cell from death. Remark-
ably, P2Y1 agonist 2MeSADP enhanced the gene expression
and activity of protein tyrosine phosphatase (PTP), which
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was responsible for the inhibition of src tyrosine kinase.
Thus, P2Y1-PTP- src tyrosine kinase-ERK1/2 pathway
could be essential for the protective effect [80]. In addition,
there are still some other mechanisms showing the involve-
ment of P2Y1 in OS. In mixed hippocampal culture with
astrocyte and neurons, P2Y1 activation directly contributed
to ROS decrease and mitochondrial depolarization [81].
With an exception of P2Y1 receptor, other P2Y receptors
in astrocytes also have been showed to regulate the OS.
The P2Y12/13 agonist 2MeADP application decreased ROS
generation and mitochondrial depolarization. In contrast,
the P2Y6 agonist UDP increased ROS production, whereas
that of P2Y2/4 did not show any effect on ROS overproduc-
tion [82]. In astrocyte-microglia interaction experiment,
UDP activated microglia P2Y6 and further coupled to the
phospholipase C (PLC)/PKC pathway, which mediated an
increase in inducible nitric oxide synthase (iNOS) expres-
sion and in nitric oxide (NO) release. Consequently, the dif-
fusible NO mediated astroglial apoptosis [83].

3. GPOS in Neuropsychiatric Disorders

3.1. GPOS in SZ. Schizophrenia (SZ) is a common psychiatric
disorder characterized by positive, negative, and cognitive
symptoms. It has been identified that genetic susceptibility
factors combined with environment insults together con-
tribute to the development of SZ. To date, several patho-
genesis models of SZ have been proposed from different
aspects. (1) Cell-specific involvement, including hyperdopa-
minergic, hypoglutamatergic, hypo-GABAergic, and hypo-
serotoninergic; (2) gene-related involvement; (3) energy
metabolism disturbance [84, 85]; and (4) oxidative and
antioxidant imbalance [86].

Based on evidence suggesting that purine derivative allo-
purinol administration exerted a beneficial therapeutic effect
on patients with SZ, Lara and colleagues first proposed a
purinergic hypothesis of SZ [87, 88]. To date, the participant
of the purinergic system in SZ is mainly related to adenosine
receptors (P1 family), P2X7 receptors (P2X family), and
P2Y1 receptors (P2Y family). Purinergic receptor activation
or inhibition affected the behavior alteration in SZ. A clinical
study supported that the reduction of A2AR levels accompa-
nied by an altered motor phenotype in a subgroup of SZ
patients, but Al kept unchanged [89]. Few clinical data are
available regarding P2Y and P2X receptors participation in
SZ pathophysiology. By using bilateral microinfusions of
the selective agonist MRS2365 into the medial prefrontal
cortex (mPFC), the study addressed that activation of
P2Y1 in mPFC reduced prepulse inhibition (PPI) while hav-
ing no impact on startle amplitude [90]. Two antipsychotics
drugs, prochlorperazine and trifluoperazine, acted as a neg-
ative allosteric modulator to inhibit human P2X7 receptor
function [13]. Furthermore, in the phencyclidine-induced
SZ model, genetic deletion and pharmacological inhibition
of P2X7Rs alleviated schizophrenia-like behavioral alter-
ations, increasing social interactions and alleviating hyperlo-
comotion and stereotype behavior [91, 92].

However, the underlying mechanism mainly focused on
purinergic receptor polymorphisms and interaction with

dopamine receptors and NMDA receptors. The link between
adenosine A2A receptor gene polymorphism located on chro-
mosome 22q and susceptibility to SZ was reported [93, 94]. By
measuring the polymorphisms in ADORA1, ADORA2A, and
ADORAS3, a study found a correlation between ADORA1
rs3766566 and positive psychopathological symptoms,
ADORA2A rs2298383 and general psychopathological symp-
toms, and ADORA2A rs5751876 and akathisia [95]. In con-
trast, no association between SZ and polymorphisms of
P2X7 receptor has been observed so far [96].

The dopamine hypothesis of SZ is largely based on the
effects of D2R antagonists and agonists to alleviate and to
accelerate the symptoms, respectively. The interaction
between A2A and dopamine D2 [97] and A2A and NMDA
[98] made A2A a potential target to SZ. By forming A2A/D2
heteromers, the reduction of adenosine level caused the ele-
vation of dopamine level in SZ [99, 100]. Besides adenosine
receptors, P2Y (P2Y1) and P2X (P2X7) also have been found
to associate with SZ mainly through interacting with dopa-
mine receptors and glutamate receptors. The emerging
experimental evidence found that stimulation of P2Y1
receptors was related to elevation of dopamine release
[101]. In contrast, activation of these receptors also caused
the hypofunction of NMDA [102]. Importantly, the activa-
tion of dopamine receptor D2 could diminish the excessive
production of ROS and RNS induced by bradykinin, a pro-
inflammatory B2R-activating peptide. Together with the
previous evidence implicating that A2A activation accumu-
lated ROS, it suggested that A2A/D2 heteromers may play
a complex role in the regulation of OS in SZ. In animal
study, Al receptors agonists could protect against neuro-
pathological changes in rat retrosplenial cortex after admin-
istration of the NMDA receptor antagonist MK-801 [103]. It
has been reported that MK-801 administration caused ROS
and RNS production in rat [104, 105]. However, whether
Al-induced protective effect involves the regulation of ROS
and RNS is still masked due to the lack of direct evidence.

It is worth noting that glial expressed purinergic recep-
tors probably devote to the pathogenesis of SZ. In the study
of mice with A2A receptors deficiency from astrocytes, MK-
801-induced inhibition of psychomotor functions and mem-
ory as well as suppression of glutamine transporter activity
was observed [106]. This study revealed the expression of
A2A receptors in astrocyte contributed to MK-801 induced
psychotic symptoms. Under normal condition, the expres-
sion of A2A in astrocyte is lower than in certain population
of neurons. The A2A expression could dramatically increase
when responded to pathological stimulation. For example,
study found that astrocytic A2A but not microglial A2A is
increased in AD model [107]. Compared to the expression
and function of microglia P2Y1, the role of astrocytic P2Y1
is less debated as it turned out to perform a variety of brain
functions by regulating neuron-to-glia communications.
With regard to P2X7, the research spotlight has been put
on glial cells since the function or existence of neuronal
P2X7 receptor remained a matter of debate [108, 109]. How-
ever, recently it was reported that there is no detectable
microglia activation and neuroinflammation under sub-
chronic PCP treatment [91]. Nevertheless, this study did
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ATP release from cells, on the one hand, is hydrolyzed into ADP, AMP, and adenosine in the presence of CD39 and CD73. On the
other hand, ATP, ADP, and adenosine receptors triggering an intracellular pathway. The P2X family especially P2X7 activation by ATP
increases the ROS through several pathways, including to activate NADPH oxidase, to adjust pH level, and to phosphorylate CaMKIL
The increase in ROS further activates ASK1/p38 MAPK, subsequently resulting in mitochondrial dysfunction. In the P2Y family, P2Y1
exerts a protective role in suppressing ROS overproduction through inhibiting the PTP/Src ERK1/2 pathway. In contrast, P2Y6, 12, and
13 increase ROS by activating PLC/PKC/NO. P1 family activation also could elevate the ROS production. ROS overproduction interacts
with mitochondrial dysfunction; could activate and translocate BF-«B to the nucleus and increase inflammatory cytokine gene
expression, especially IL-1p, IL-8, and NLRP3. After NLRP3 inflammasome assembly, mature IL-1f and IL-8 could be released from the

glia cell and cause neuroinflammation further contributing to neuropsychiatric disorders such as SZ and MDD.

not check the activation of glial cells in a chronic model and
OS markers. In a rat SZ model, PCP administration could
generate OS in hippocampus by measuring OS marker
nitrotyrosine and chronic antipsychotics quetiapine applica-
tion could significantly attenuate OS and object recognition
memory impairment [110]. Therefore, more direct evidence
should be provided in future to elucidate whether the regu-
lation of P2X7 on PCP-induced SZ via glial involved OS.

3.2. GPOS in MDD. Major depressive disorder (MDD) is a
common psychiatric disease prevalent worldwide and charac-
terized by severe and persistent emotional symptoms (feelings
of guilt and anhedonia), cognitive symptoms (low self-esteem)

and somatic symptoms (loss of sleeplessness and mental irri-
tancy). Compared to SZ, purinergic signaling also received rel-
atively considerable attention in MDD. The excellent review
from Bartoli et al. elaborately summarized the promising role
of the purinergic system in depression, highlighting potential
antidepressant effect of A2A and P2X7 selective antagonists
and detection of purinergic system peripheral metabolites as
biomarkers of depression [111].

Recent reviews have also summarized the evidence from
both human and animal studies concerning the involvement
of the adenosinergic system in pathophysiology and treat-
ment of MDD [112, 113]. In these two reviews, authors col-
lected evidence in support of the involvement of the
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adenosinergic system in MDD from adenosine synthesis,
adenosine cleanup, and catabolism to adenosine receptor
regulation. Herein, we only focused on the glial-related pur-
inergic system in MDD. It is well known that sleeplessness,
one of typical symptoms of MDD, was related to the level
of adenosine [114, 115]. Sleep deprivation for 12h led to
the elevation of adenosine levels in the rodent frontal cortex.
Importantly, astrocyte was capable of modulating changes in
nonrapid eye movement slow wave activity in response to
sleep deprivation [116, 117]. Another study found that selec-
tive expression of dnSNARE (dominant negative SNARE
domain of the vesicle protein VAMP?2) in astrocytes reduced
extracellular adenosine accumulation mediated by the Al
receptor [118]. Wakefulness is related to high neuronal
metabolism to maintain neuronal activity, which requires a
great amount of oxygen, further resulting in oxidant produc-
tion. Thus, sleep was a particularly important process for the
brain to recover or increase antioxidant activity against free
radicals such as ROS and RNS [119]. Together, we speculate
that the regulation of the astrocytic Al receptor in sleep
might undergo OS pathways.

Along with adenosine, ATP signaling via the P2 receptor
might also play a pivotal role in the neuropathological mech-
anisms of MDD. The blockade of P2 receptors has been shown
antidepressant-like effects in the animal model [120]. Among
P2 receptors, the P2X7 receptor has received lot of research
interest. Polymorphism research pointed out the association
of nonsynonymous coding of single-nucleotide polymor-
phism (SNP) rs2230912 in the P2X7 gene with MDD [121,
122]. Evidence showed an antidepressant-like profile and
higher responsivity to the antidepressant treatment in P2X7
knockout mice [123, 124]. Most of studies emphasized that
the antidepressant effect induced by P2X7 blockage was a
result of monoamine and glutamate regulation [120, 121].
Indeed, P2X7 activation induced neuroinflammation might
contribute to pathogenesis of MDD, although the role of direct
neuronal mechanisms cannot be excluded either.

P2X7 receptor and its mediated signaling pathway play
an important role in microglia activation. In microglia, there
are two major inflammatory pathways involved into P2X7
activation, including P2X7/NLRP3/IL-1 [125] and P2X7/
NF-xB/IL-1p. Chronic uncontrolled stress was a major cause
of depression, which leaded to the activation of caspase-1 by
the NLRP3 inflammasome, followed by production of
inflammatory cytokine such as IL-18 and IL-1f [126]. In
MDD model, the increased expression of NLRP3 inflamma-
some mRNA and IL-1f have been detected after LPS appli-
cation, suggesting NLRP3 inflammasome and IL-1p acted as
mediators of inflammation [127]. Similarly, the enhance-
ment of IL-1f signaling in the hippocampus leaded to the
development of depressive symptoms [128]. P2X7 activation
could directly activate NLRP3, further resulting in IL-1f
release. Besides this, the activation of inflaimmasome in
microglia required potassium efflux, ROS production and
cathepsin B function [129]. In particular, inflammasome-
activating signal reactive oxygen species (mtROS) served as
direct activator of the NLRP3: ASC: pro-Caspase-1 complex
[130]. Another essential element for NLRP3-inflammasome
activation is the transcription factor NF-xB, which acts

downstream of TLRs and other immune receptors. Surpris-
ingly, P2X7 activation also served as the upstream signaling
molecule of NF-xB [131]. NF-«B signaling could be acti-
vated and repressed by ROS in a phase and context depen-
dent manner. The NF-«xB pathway can have both anti- and
prooxidant roles in the setting of OS [132]. Together with
previous evidence showing that P2X7 activation caused
ROS overproduction, we could assume that P2X7 activation
induced inflammation pathway probably interacts with the
OS pathway, contributing to the development of MDD.

4. Conclusive Remarks and Perspective

Based on evidence showing that the purinergic system par-
ticipates in the regulation of oxidative/antioxidative path-
ways in glial cells, we proposed a new neuropathological
hypothesis termed as “GPOS” (glial purinergic system-
mediated OS) for the first time. Then, we collectively eluci-
dated the participation of the glial purinergic system in SZ
and MDD and discussed the potential application of
“GPOS” in neuropsychiatric disorders (Figure 1). However,
there are still questions to be answered in support of this
hypothesis. First of all, the direct evidence should be pro-
vided to confirm the role of “GPOS” in neuropsychiatric dis-
orders and in other neurodegenerative disorders. Secondly,
cell type-specific or subgroup dominant regulation of the
purinergic system should be addressed by using multiple
genetic manipulation approaches. Thirdly, given the correla-
tion between redox status and the vitagene network and its
possible biological relevance in neuroprotection, it is impor-
tant to further address whether it is a hormesis-dependent
mechanism in neurodegenerative/neuroprotective disorders
[133-136]. Whether the purinergic system alters oxidant/
antioxidant balance or hormesis response in a neurodeve-
lopment manner also should be further confirmed. And
whether or not GPOS will be a potential promising target
for the treatment of SZ and MDD, it is necessary to shorten
the gap between the basic and translational research.
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Alzheimer’s disease (AD) and Huntington’s disease (HD) are destructive worldwide diseases. Efforts have been made to elucidate
the process of these two diseases, yet the pathogenesis remains elusive as it involves a combination of multiple factors, including
genetic and environmental ones. To explore the potential role of forkhead box O1 (FOXO1) in the development of AD and HD,
we identified 1,853 differentially expressed genes (DEGs) from 19,414 background genes in both the AD&HD/control and
FOXO1-low/high groups. Four coexpression modules were predicted by the weighted gene coexpression network analysis
(WGCNA), among which blue and turquoise modules had the strongest correlation with AD&HD and high expression of
FOXOL. Functional enrichment analysis showed that DEGs in these modules were enriched in phagosome, cytokine-cytokine
receptor interaction, cellular senescence, FOXO signaling pathway, pathways of neurodegeneration, GABAergic synapse, and
AGE-RAGE signaling pathway in diabetic complications. Furthermore, the cross-talking pathways of FOXO1 in AD and HD
were jointly determined in a global regulatory network, such as the FOXO signaling pathway, cellular senescence, and AGE-
RAGE signaling pathway in diabetic complications. Based on the performance evaluation of the area under the curve of 85.6%,
FOXO1 could accurately predict the onset of AD and HD. We then identified the cross-talking pathways of FOXO1 in AD
and HD, respectively. More specifically, FOXO1 was involved in the FOXO signaling pathway and cellular senescence in AD;
correspondingly, FOXO1 participated in insulin resistance, insulin, and the FOXO signaling pathways in HD. Next, we use
GSEA to validate the biological processes in AD&HD and FOXOI1 expression. In GSEA analysis, regulation of protein
maturation and regulation of protein processing were both enriched in the AD&HD and FOXO1-high groups, suggesting that
FOXOI1 may have implications in onset and progression of these two diseases through protein synthesis. Consequently, a high
expression of FOXO1 is a potential pathogenic factor in both AD and HD involving mechanisms of the FOXO signaling
pathway, AGE-RAGE signaling pathway in diabetic complications, and cellular senescence. Our findings provide a
comprehensive perspective on the molecular function of FOXOL1 in the pathogenesis of AD and HD.

1. Introduction progressive loss of neurons due to the deposition of isomer-

ism proteins, such as amyloid-beta (Af3), prion, huntingtin
Neurodegenerative disease (ND), a heterogeneous group of ~ protein (HTT), tau, and alpha-synuclein [1, 2]. With the
devastating and irreversible disorders, is characterized by a  extension of life expectancy in general population, the
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incidence of ND is on the rise. Herein, our study focused on
two types of NDs, namely, Alzheimer’s disease (AD) and
Huntington’s disease (HD). As the most common cause of
dementia worldwide, AD is pathologically characterized by
deposition of Af plaques composed of amyloid-beta pro-
tein and neurofibrillary tangles (NFTs) consisting of hyper-
phosphorylated tau protein, which are attributed to the
overproduction and impaired clearance [3, 4]. The main
manifestation of HD is motor impairment and cognitive
deficit derived from neuronal dysfunction and death, which
is due to the toxicity of the expansion of the polyglutamine
region in the HTT protein as a consequence of the mutated
gene [5, 6]. Of note, these two diseases are associated with
aberrant proteins. Since there is no cure for either condi-
tion, efforts are under way to halt or even prevent them
by studying genetic factors along with their underlying
mechanisms in aberrant protein metabolism. So far, multi-
ple mechanisms have been found to be involved in the
occurrence and development of AD and HD [7].

FOXO belongs to the family of transcription factor
forkhead box O genes with four isoforms (ie., FOXOI,
FOXO03a, FOX04, and FOXO6), all of which share highly
conserved domains [8]. The functions of FOXO proteins
are thought to regulate the expression of genes during bio-
logical events including apoptosis, cell cycle control, glucose
metabolism, antioxidative stress, and life longevity. Hence,
dysfunction of FOXOs leads to diseases and conditions
involving shorten life span, cancer, metabolic diseases,
immune system disorders, and ND [9-11]. The processes
of phosphorylation through the PI3K/Akt, JNK/c-Jun, or
AMPK pathway in response to growth factors, insulin/IGF-
1, oxidative, and nutrient stress are the main regulatory
mechanisms of FOXO proteins. Although all the four iso-
forms have highly conserved domains and overlapping func-
tions to certain extent [12], additional evidence shows that
different isoforms of FOXO regulate a nonredundant set of
genes [13]. For instance, FOXOLI plays critical roles in the
processes of energy metabolism, longevity, cell cycle arrest,
and cellular senescence. Suppression of FOXOL1 protein by
insulin/IGF-1 or growth factors through the PI3K/Akt path-
way decreases its transcriptional function to mediate nutri-
ent metabolism against food deprivation and energy
deficiency. Dysfunction of such pathway could lead to met-
abolic diseases including diabetes, insulin resistance, and
increase of food intake [14]. Moreover, FOXO1 mediates cell
cycle arrest and apoptosis via the JNK/c-Jun pathway, which
has been observed in cells under the condition of growth fac-
tor deprivation or oxidative stress [15-17]. With the pres-
ence of reactive oxygen species (ROS) or energy deficiency,
FOXOL1 is activated via the AMPK pathway to induce
autophagy, an important mechanism for the clearance of
abnormal proteins and organelles; conversely, this process
is inhibited by activation of the PI3K/Akt pathway in non-
neuronal systems [18, 19]. One plausible interpretation is
that activation of FOXO1 protein induces neuronal loss,
resulting in persistent neurodegeneration [20]. Although
the regulatory role of FOXOL1 proteins has been investigated,
few studies have focused on the coordinated mechanism of
FOXO1-related pathways in the development of AD and
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HD. Accordingly, we performed a comprehensive genomic
analysis of FOXOI1 based on gene expression data and
functional annotations with the aim of illuminating the
common underlying role of FOXO1 in the pathogenesis
of AD and HD.

2. Materials and Methods

2.1. Data Processing. We downloaded the RNA gene expres-
sion profiles of GSE33000 from the Gene Expression Omni-
bus (GEO) database, which included 467 patients with
neurodegenerative diseases (310 AD and 157 HD) and 157
nondementia controls [21]. We then selected a total of 465
patients and controls over 60 years of age, including 367
patients (305 AD and 62 HD) and 98 controls for analysis.
The normalizeBetweenArrays function in the limma package
of R software (version 3.6.2) was used to normalize the gene
expression profile [22]. Based on clinical data recorded in
previous studies, the age and gender between cases and
controls were matched [23, 24]. The mean age of AD and
HD was 79.24 +9.11 years (range: 60-100 years), and the
mean age of nondementia was 69.06+7.70 years (range:
60-106 years). The enrolled samples were divided into the
FOXO1-high and low groups by defining the mean expres-
sion value of FOXOLI as the cut-off point.

2.2. Identification of Differentially Expressed Genes (DEGs).
DEGs were generated in the AD&HD/control and FOXO1-
high/low groups using the ImFit and eBayes functions of
limma package in R software. The fold changes (FC) in the
expression of individual genes were calculated, with [logFC
| >0.15 and false discovery rate- (FDR-) adjusted P < 0.05
considered thresholds [25].

2.3. Coexpression Network Construction and Functional
Enrichment Analysis of Coexpressed Modules. Using the
WGCNA package in R software, the gene coexpression net-
work analysis was constructed by clustering overlapping
DEGs between the AD&HD/control and FOXO1-high/low
groups into multiple functional modules. Weight gene
correlation network analysis (WGCNA), an advanced data
exploration technique, not only allows the construction of
interconnected node modules that represent network-based
data volumes and alleviate the problem of multiple testing
but also screens for modules that are relevant to clinical
traits [26]. The hclust function was used to eliminate outliers
from the samples. A pickSoft Threshold function was used to
determine the appropriate power value of 16 when the
degree of independence was set to 0.8. To ensure high reli-
ability of the results, each module contained at least 30
genes. From thousands of genes, interesting modules of
DEGs were identified by WGCNA, and then, the Kyoto
Encyclopedia of Genes Genomes (KEGG) pathway analysis
was performed on the genes in each module using the Clus-
terProfiler package in R software. FDR adjusted P < 0.05 was
used as the threshold to define the significant differences in
biological functions and enrichment pathways enriched in
each module.
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2.4. Construction of Module-Pathway Network of FOXOI.
Correlations between intramodular connectivity and clinical
phenotype were used to estimate module-pathway associa-
tions, so that highly phenotypically related expression mod-
ules could be readily identified. Gene significance (GS) was
calculated as the absolute value of the correlation between
the gene expression profile and each trait; module member-
ship (MM) was defined as the correlation between the gene
expression profiles in each module. Scatterplot of GS vs.
MM in each module was plotted using the verboseScatterplot
function to represent the correlation between intramodular
connectivity and clinical trait. In modules related to the trait
of interest, genes with higher module membership tend to
have higher genetic significance and biological importance
[27]. The global regulatory network of module genes with
the highest interest was constructed using the Search Tool
for the Retrieval of Interacting Genes (STRING; http://
STRING-db.org) online database [28], in which cross-
talking pathways of FOXO1 were annotated by the func-
tional enrichment analysis of the KEGG pathway. The visu-
alization of global regulatory network and cross-talking
pathways of FOXO1 were accomplished by employing
Cytoscape software [29].

2.5. Analysis of the Area under the Curve (AUC). Adopting
the pROC package, AUC analysis was performed to predict
the diagnostic performance of FOXOI1 in differentiation
between AD&HD and controls. Bilateral P value of less than
0.05 was considered statistically significant.

2.6. Gene Set Enrichment Analysis (GSEA). According to the
median expression of FOXO1, samples were divided into the
FOXO1-high and low expression groups. After normaliza-
tion of the gene expression profile, GSEA was performed
to screen for the biological process of Gene Ontology (GO)
terms in the AD&HD and FOXO1-high groups [30]. The
threshold of significant enrichment was obtained based on
the permutation test (the number of permutations was set
to 1000, with a P value less than 0.05) applying default
weighting statistic for each parameter. Enriched data in
GSEA analysis was visualized using packages of ClusterPro-
fler, ggplot2, enrichplot, and GSEABase.

2.7. Workflow. To investigate the functions of FOXO1 in the
pathogenesis of AD and HD, we conducted systematic anal-
ysis following the steps in Figure 1. Differential expression
analysis of genes was conducted on basis of 19,414 back-
ground genes. GSEA was set to analyze biological processes
related to AD&HD and FOXOL1. The overlapping DEGs
between the AD&HD/control and FOXO1-high/low groups
were further analyzed by WGCNA. Coexpression gene
modules were predicted for further functional enrichment
analysis. A global regulation network was constructed to
identify cross-talking pathways of FOXO1, thus exploring
the potential mechanism of FOXO1 in these two diseases.
Thenceforth, we applied the same method to screen out
the cross-talking pathways of FOXOl in AD and HD,
respectively. AUC analysis was carried out to assess the

Gene expression profiles
(GSE33000)

Gene set enrichment
analysis

Differentially
expressed genes

Weight gene correlation

Co-expression modules .
P network analysis

Functional enrichment
analysis

Global regulation
network

Potential mechanism of
FOXOI in AD and HD

Cross-talking pathways
of FOXO1

Area under the curve
analysis

Ficure 1: The workflow diagram of the present study. AD:
Alzheimer’s disease; HD: Huntington’s disease.

diagnostic performance of FOXOI1 in differentiating AD
and HD from nondementia controls.

3. Results

3.1. Identification of DEGs. In the present study, 367 patients
and 98 nondementia controls over the age of 60 were
included for this computational analysis (Supplementary
Table 1). Figure 2(a) shows the comparison of mean expres-
sions of FOXO1 between patients and controls. The expres-
sion of FOXO1 in the AD&HD group (0.10+0.11) was
significantly higher than those in controls (-0.11+0.15)
(P <0.0001). After removal of unannotated or duplicated
genes, 19,414 background genes were summarized for fur-
ther differential expression analysis. A total of 2,103 genes
were differentially expressed in AD&HD compared with
nondementia controls. Among them, 1,001 DEGs were
found to be significantly upregulated, while 1,102 were
downregulated (Figure 2(b)). In subjects with high versus
low expression of FOXO1, in total, 2,124 DEGs consisted
of 1,089 up- and 1,035 downregulated genes were identified
(Figure 2(c)). Of these, 1,657 DEGs were overlapped
between the AD&HD/control and FOXO1-low/high groups.
The cluster heatmap of the top 25 up- and downregulated
overlapping DEGs is shown in Figure 2(d).

3.2. Coexpression Network Construction by WGCNA. The set
of DEGs was used for hierarchical clustering analysis and
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DEGs: differential expression genes.

module-trait heatmap plotting. All samples passed the pre-
defined cut-off line (height=16) for the next step of
bioinformatic analysis (Figure 3(a)). Using WGCNA, we
predicted four coexpression modules with different colours
based on the overlapping DEGs between the AD&HD/con-
trol and FOXO1-high/low groups (Figure 3(b)). As shown
in the module-trait relationships (Figure 3(c)), the blue
module of 344 DEGs had the strongest positive correlation
with AD&HD (correlation coefficient = 0.61, P =5e—49)
and FOXO1 (correlation coefficient =0.71, P=4e—73);
the turquoise module of 1,151 DEGs had the strongest nega-
tive correlation with AD&HD (correlation coefficient = —0.6,
P=1e-46) and FOXO1 (correlation coefficient = —0.85, P
=9e¢—133), while the brown module of 127 DEGs was
positively correlated with AD&HD (correlation coefficient =
0.48, P = 5¢ — 28) and FOXO1 (correlation coefficient = 0.56,
P=1e-39); and for the grey module, 35 noncoexpressed
DEGs were clustered. These data suggest that DEGs in blue
and turquoise modules had the strongest correlation with
AD and HD.

3.3. Functional Enrichment Analysis of Coexpressed Modules.
The mainly enriched KEGG pathways in the blue module
were pathways of phagosome and cytokine-cytokine recep-
tor interaction; brown module was enriched in transforming
growth factor- (TGF-) f3 signaling pathway, extracellular
matrix (ECM)-receptor interaction, and advanced glycation
end product- (AGE-) receptors for AGEs (RAGE) signaling
pathway in diabetic complications; for turquoise module,
DEGs were involved in pathway of neurodegeneration,
GABAergic synapse, FOXO signaling pathway, cellular
senescence, and AGE -RAGE signaling pathway in diabetic
complications (Figure 3(d)).

3.4. Construction of Module-Pathway Network of FOXOI.
According to the scatter plot of relationship between GS
and MM, DEGs in blue and turquoise modules showed the
strongest correlation of intramodular connectivity with
genetic phenotype (blue: correlation coefficient =0.59, P =
1.2e - 33; turquoise: correlation coefficient=0.73, P=3.8e
—192) (Figure 4(a)). We extracted DEGs from the blue
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and turquoise modules and displayed them in the global reg-
ulatory network (Figure 4(b)). As shown in Figure 4(c), the
cross-talking pathways of FOXO1 were identified, including
cellular senescence, FOXO signaling pathway, and AGE-
RAGE signaling pathway in diabetic complications. Accord-
ing to the AUC value of 85.6%, FOXO1 has potential predict
value and may be a biomarker for AD and HD (Figure 4(d)).
Separately, we found that the cross-pathways of FOXOLI in
AD were related to FOXO signaling pathway and cellular
senescence (Figure 5(a)); and the cross-pathways of FOXO1
in HD were linked to insulin resistance, insulin signaling
pathway, and FOXO signaling pathway (Figure 5(b)).

3.5. GSEA Validation in Biological Processes. GSEA was
adopted to validate the biological processes in the AD&HD
and FOXO1-high groups. There were five biological pro-
cesses significantly enriched in AD&HD, including B cell-
mediated immunity, regulation of protein maturation, regu-
lation of protein processing, immunoglobulin-mediated
immune response, and T cell activation involved in immune
response (Figure 5(c)). Five biological processes including
regulation of postsynaptic membrane potential, regulation
of protein maturation, regulation of protein processing, reg-
ulation of synaptic vesicle cycle, and respiratory electron
transport chain were significantly enriched in the FOXO1-
high group (Figure 5(d)). Of these, regulation of protein

maturation and processing were both enriched in the
AD&HD and FOXO1-high groups, suggesting that FOXO1
have implications in the onset and progression of these
two diseases through protein synthesis.

4. Discussion

The GSEA results showed that the background genes in both
AD&HD/control and FOXO1-high/low expression cohorts
were enriched in biological processes of protein maturation
and processing regulation. The newly synthesized proteins
are processed in the endoplasmic reticulum (ER) to form
mature proteins with physiological functions. In the pres-
ence of cellular crowding, gene mutations, oxidative stress,
etc., protein processing in the ER is compromised, resulting
in the formation of misfolded proteins. Subsequently, the
accumulation of misfolded proteins leads to a state of ER
stress to degrade these misfolded proteins. FOXOI1 protein
participates in such processes by modulating autophagy of
misfolded proteins or apoptosis of impaired cells [31-33],
consistent with our results of functional enrichment analy-
sis. However, prolonged ER stress can also cause cell dam-
age. It has been reported that ER stress in glial cells elicits
the secretion of TNF-a, IL-1f3, IL-6, and IL-8 [34]. These
proinflammatory factors, in turn, facilitate the production
of nitric oxide (NO) involving oxidative damage in glial cells
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[35]. Indeed, increased NO synthetase has been found in glia
cells surrounding NFTs and amyloid deposition in AD
brains [36], along with upregulated immunoreactivity in
neurons adjacent to NO in these regions [37]. The mutant
Huntingtin in cultured cells and neurons of postmortem
HD brains exacerbates ER stress to impair ER-associated
protein degradation (ERAD) early in the onset of HD
[38-40]. Moreover, translocation of mutant Huntingtin into
the nucleus is also inhibited, leading to persistent ER stress
and long-term autophagic damage [41]. In addition,
reduced organelle synthesis in ER that degrades misfolded
proteins is also closely associated with the development of
neurodegenerative diseases [42, 43]. It is reported that ER
stress can be induced by mutations in the PSEN1 gene con-
tributing consequently to dysfunctional lysosome synthesis,
a cause potentially responsible for familial AD [44]. There-
fore, these findings lend strong support to our notion that
FOXOL1 plays an essential role in protein processing and
maturation and is closely associated with the pathology of
proteotoxicity-related diseases such as AD and HD.

FOXO factors lie in the center of a complex regulatory
network of multiple upstream pathways and downstream
target genes, receiving upstream signals simultaneously or
sequentially to regulate transcriptional activity of down-
stream target genes in normal or pathological cells. The
PI3K/Akt/FOXO pathway is one of the major FOXO path-
ways that regulates the activation and localization of FOXO1.
Knockdown of the upstream insulin receptor substrate (IRS)
of this pathway leads to hyperactivation of FOXO1 [45].
Subsequently, activated FOXO1 disrupts mitochondrial oxi-
dative and phosphorylation activities (OXPHOS), resulting
in deficient ATP synthesis and metabolic disorders [46].
Notably, the resultant bioenergetic deficits in astrocytes
and neurons are one of the most prevalent early features of
AD [47]. This is in line with evidence in HD mouse models
that mutant HTT (mHTT) aggregation recruits IRS-2 to

activate FOXO1 via the PI3K/Akt/FOXO1 pathway, which
contributes to mitochondrial dysfunction [48]. Furthermore,
mHTT affects mitochondrial oxygenation to enhance anaer-
obic metabolism in the basal ganglia and hippocampus of
HD patients, leading to increased levels of ROS; in turn, this
process accelerates mitochondrial dysfunction and thus to
form a vicious circle [49]. Several experiments have found
a strong link of impaired insulin secretion and insulin resis-
tance to HD. The incidence of diabetes in HD patients is
seven times higher than that of normal diabetes, whose path-
ological features are reduced insulin secretion and increased
insulin resistance. Moreover, even in HD patients with nor-
mal glycaemia, there is substantial insulin resistance [50].
Yamamoto et al. have demonstrated that activation of IRS-
2 not only affects mitochondrial function but also leads to
autophagy of accumulated mHTT proteins via the PI3K/
Akt pathway, a branch of insulin signaling pathway high-
lighting the importance of insulin regulatory mechanisms
for HD pathogenesis [47]. This is consistent with our results
on the cross-talking pathways of FOXO1 in HD patients.
ROS are mainly produced by and act on mitochondria
to regulate cell growth and differentiation at low concentra-
tions [51]. J]NKs belong to the mitogen-activated protein
kinase (MAPK) family. The JNK pathway is predominantly
activated by oxidative stress, and activation of phosphory-
lated substrates by JNK extensively induces apoptosis [52].
It is well known that aberrant accumulation of ROS leading
to neuronal exposure to oxidative stress is a common fea-
ture of both AD and HD [53]. And a major consequence
of this feature is an increase of cellular apoptosis. Specifi-
cally, MAPK kinase (MAP3K) is activated to form the JNK/
FOXOL1 signaling pathway, which induces neuronal apoptosis
by nuclear translocation and phosphorylation of FOXOL1 [54,
55]. In experiments of APP transgenic mouse brains, it has
been shown that ROS-induced oxidative stress enhanced neu-
ronal apoptosis [56]. Aggregation of Af3 induces excessive



GABAR) PLl . BgL6
%A X b Nch o MAPKQ
" M)

CALML4

GADD45G

Cellular senescence
(a)

0.6
0.4 A

0.2 4

WM\ “I"HM lH\‘ H“\‘ ‘\(\H “‘\HI“\}‘ \1;\‘\‘\“\\ ‘\ ‘\ HW H‘\‘ “ ‘\ H\ Il \‘\“\H Il “ ‘ ‘ H‘

0.0 4

0.4

-0.4

5000 10000 15000

Ranked list metric Running enrichment score

Rank in ordered dataset

—— B cell mediated immunity

——— Immunoglobulin mediated immune response
—— Regulation of protein maturation

——— Regulation of protein processing

—— T cell activation involved in immune response

(0

Oxidative Medicine and Cellular Longevity

»
RPSBKEELA
SLC27A4

Insulin/resistance

&

PIK3CR FPRKAG2

MAPK8 MAPK10" MAPK9
FOXO1

FOX04

NLK

PLK2

MAP2K1

FoxO signaling pathway
(®)

0.4 4
0.0

-0.4 A

i I T 1 \" M e
‘\l \'u Ly I Hm”unlul | l . ‘ H, I
| \HI\IHIHI\II\IHHIHH\ it AR T
0.3 -
0.0 -
-0.3 -
-0.6

5000 10000 15000

Ranked list metric Running enrichment score

Rank in ordered dataset

—— Regulation of postsynaptic membrane potential
——— Regulation of protein maturation

—— Regulation of protein processing

——— Regulation of synaptic vesicle cycle

—— Respiratory electron transport chain

(d)
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mitochondrial production of ROS; conversely, sustained
activation of the JNK pathway induces increased expression
of B-secretase and y-secretase under conditions of oxidative
stress, which in turn promotes A production [57]. In HD
pathology, mutant HTT increases the length of CAG repeats
in neurons to overproduce mitochondrial ROS, which then
activates the JNK pathway [58, 59], upregulating the expres-
sion of proapoptotic genes and thus to apoptosis [60, 61].
Following the process of apoptosis, the removal of apo-
ptotic and senescent cells by phagocytosis contributes to
the emergence of phagosomes, which are vesicles formed
by the fusion of the cell membrane of the phagocyte around
the granule. Fusion with lysosomes results in maturation of
phagosome, which not only contains hydrolases and ROS
to digest debris but also forms proinflammatory factors via
activation of MAPK signaling and PI3K/Akt pathways
[62]. Microglia, as special phagocytes of the central nervous
system (CNS), recognize aggregated A5 and mHTT, leading
to a sustained release of neuroinflammatory factors for
inflammatory damage and cell death [63]. Neuroinflamma-
tory cell infiltration and microglia activation are inhibited
through the PI3K/Akt/FOXOI1 pathway, thus alleviating
apoptosis and neurologic impairment after intracerebral

hemorrhage [64]. Similarly, Chen et al. found that neurocog-
nitive disorders could be ameliorated through the PI3K/Akt/
FOXO1 pathway [65], consistent with our enrichment anal-
ysis of the blue module.

Autophagy is another essential mechanism for eliminat-
ing organelles in response to stress or starvation. It is
involved in the phosphorylation of the downstream target
FOXO1 in dynamic equilibrium through synergistic, inhibi-
tory, or cross-talking action of the AMPK, PI3K/Akt, and
JNK pathways [66]. Recent experiments have confirmed that
JNK activation responds to oxidative stress by inhibiting
FOXO-induced autophagy related gene expression, leading
to reduced clearance of cell debris and aggregative proteins
[67]. Thus, the JNK pathway plays a deleterious role in neu-
rological impairment in neurodegenerative models by pro-
moting apoptosis and inhibiting autophagy [68]. Under
oxidative stress caused by aberrant protein synthesis, aggre-
gation, or mitochondrial dysfunction, neurons or glial cells
regulate nuclear translocation and activity of FOXOI
through PI3K/Akt and JNK pathways, hence mediating the
pathological process of neurodegeneration. Likewise, these
findings are in line with functional enrichment analyses of
AD and HD obtained in combination or separately.
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Oxidative stimulation acts on cellular components
through different signaling pathways or exerts varying effects
via the same pathways, determining diverse or even
completely opposite cell fates. The precise mechanism is
not fully understood, and the results of related experiments
are variable and controversial. Salih and Brunet reported that
apoptosis was the preferred cellular mechanism of FOXO1-
activated neurons exposed to oxidative stress [69]. Neverthe-
less, Li et al. presented evidence that autophagy was initially
triggered and only after prolonged stress could cells undergo
apoptosis, which degraded aggregated proteins and damaged
cells [70]. Hence, additional experiments are needed to prove
the most realistic conclusion.

Cellular senescence participates in physiological pro-
cesses including wound healing, tissue repair, and embryonic
development, which is also a protective mechanism against
tumor propagation triggered by oxidative stress-induced
DNA damage or oncogenic signals. Moreover, it has also
been observed that increased cellular senescence may con-
tribute to senescence-associated diseases including ND [71].
Senescent cells alter proteostasis, promote the secretion of
inflammatory cytokines, or allow the synthesis and aggrega-
tion of misfolded proteins, either of which ultimately leads
to AD [72]. Cell senescence can also trigger iron accumula-
tion, giving rise to oxidative death of neurons and glia cells
associated with AD pathology [73]. Sirtuin 1 (SIRT1), a cellu-
lar senescence regulatory gene, has been shown to suppress
FOXOL1 expression in animal models of AD and HD, thereby
attenuating neuronal degeneration and death [74, 75]. Addi-
tional evidence of in vivo HD model has also confirmed that
SIRT1 activation provides a positive complement to mito-
chondrial failure, improving motor coordination and learn-
ing in HD [76].

The glycosylate modification of proteins by sugars and
aldehydes in an oxygenated environment can produce AGEs
[77]. AGEs binding to their receptors namely, RAGEs,
promote the synthesis of inflammatory factors and the pro-
duction of ROS, [78], leading to the accumulation of glyco-

sylated proteins in different organs and tissues [79-81].
The coupling of AGE with RAGE and their interaction in
the development of diabetes and its complications have
been well established [82]. In the CNS, neurons exposed
to oxidative stress also tend to form glycosylated proteins.
Glycosylation of mitochondrial enzymes leads to disruption
of energy transduction, affecting adenosine triphosphate
(ATP) synthesis and subsequent biological processes [83].
The resultant deposition of glycosylated proteins utilizes
ROS as second messengers to synthesize and bind inflam-
matory factors involved in HD and AD through the AGE-
RAGE signaling pathway [84-86]. In fibroblasts, ROS gen-
erated via the AGE-RAGE signaling pathway acts on JNK
to activate FOXO1, thus inducing apoptosis and preventing
diabetic wound healing [87]. The vast majority of experi-
ments on the role of FOXO1 in the AGE-RAGE signaling
pathway have focused on diabetes and its complications.
However, our findings suggest that this pathway may also
be involved in AD and HD through the action of ROS
and inflammatory factors. And the findings on endothelial
cell integrity [87] may provide novel insights into investi-
gating the integrity of cerebrovascular endothelium in rela-
tion to FOXO1-mediated AGE-RAGE signaling pathway in
AD or HD.

Cumulating evidence suggested that GABAergic synap-
tic dysfunction aggravated cognitive impairment in patients
with dementia [88-90]. Although few studies have linked
GABAergic synapses to FOXOI1, Zullo et al. found that
GABAergic neurotransmitters and FOXOL1 are regulated by
the same transcription factors involved in life longevity
[91]. Recently, GABA has been reported to be essential for
the localization of DAF-16, a homologous transcription fac-
tor of the FOXO family in C. elegans, which triggers nuclear
translocation by inhibiting insulin phosphorylation of
FOXO via the DAF-2/IGFIR pathway [92].

The multifunctional TGF-f signaling pathway plays an
important role in maintaining cellular homeostasis through
apoptosis, autophagy, and cellular senescence in a variety
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of cells [93-95]. As a signal transducer, FOXO1 binds to
Smad complex to activate the TGF-/Smad signaling path-
way, thus hampering neuronal growth and participating in
the pathogenesis of AD [96, 97]. Alternatively, cellular senes-
cence is regulated by the interaction of the TGF-f/Smad
pathway with the PI3K/Akt/FOXO1 pathway [98]. Likewise,
the TGE-f3 signaling pathway has implications in the pathol-
ogy of neurodegeneration by interacting with the FOXO sig-
naling pathway, which is consistent with the results of our
functional enrichment analysis in the brown module.

ECM is a highly dynamic, continuously remodeling tis-
sue with a specific structure [99]. Expression of collagen, a
major component of ECM, is substantially upregulated in
the subclinical and clinical phases of AD, which is associated
with increased Af deposition [100]. In addition, our enrich-
ment analysis has clarified that FOXO1 is associated with the
regulation of ECM-receptor interaction pathway, in line
with evidence of osteoarthritis for the involvement of aber-
rant FOXO1 expression in ECM-receptor interaction path-
way [101].

The onset and progression of AD or HD are the out-
comes of the interaction of multiple mechanistic pathways.
The cells are always in homeostasis by means of coordina-
tion, cross-regulation, and even mutual restraint among
various pathways (Figure 6). For instance, AGE-RAGE
interaction induces the release of TGF-f involving the syn-
thesis of ECM proteins [102]. Furthermore, deposited glyco-
sylated proteins modify the composition of ECM under
oxidative stress, which triggers apoptosis of endothelial pro-
genitor cells [103]. Additionally, previous studies in schizo-
phrenia have demonstrated that abnormal EMC disturbs
the connectivity of GABAergic synapses due to low expres-
sion of TGF-f1 [104, 105].

In the scatter plot between MM and GS, the strongest
correlation between DEGs and FOXO1 expression was
found in blue and turquoise modules. According to the
cross-talking pathways of FOXO1 identified in the global
regulatory network of DEGs, FOXOL1 plays pleiotropic roles
in the physiopathology of AD and HD via cellular senes-
cence, FOXO signaling pathway, and AGE-RAGE signaling
pathway in diabetic complications. The result of AUC anal-
ysis showed a good diagnostic performance in differentiating
AD and HD patients from nondementia controls, which
indicated that FOXO1 was possibly a predictive factor for
the incidence of AD and HD. Collectively, the findings
emerging from this study provide novel possible directions
for experiments focusing on the timing and conditions
whereby cells enter the senescence or apoptosis program
and whether cerebrovascular endothelial integrity influences
the progression of AD and HD through the interaction of
FOXO1 and AGE-RAGE signaling pathways.

5. Conclusions

In summary, our findings support that the high expression
of FOXOL is responsible for the pathogenesis of AD and
HD, possibly mediated by FOXO signaling pathway, cellular
senescence, and the AGE-RAGE signaling pathway in dia-
betic complications.
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Parkinson’s disease (PD) is a common degenerative disease of the central nervous system. Although some drugs can alleviate the
progress of PD, their long-term use will lead to complications, so it is still necessary to find new drugs to delay or cure PD
effectively. In view of the difficulty in developing new drugs, it is imperative to discover new functions of existing compounds
that could be used to treat PD. In this study, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was used to induce PD
symptoms in a mouse model. Subsequently, these mice were treated with the antibiotic ceftriaxone. Ceftriaxone alleviated the
behavioural and neuropathological changes induced by MPTP, downregulated the expression of glial fibrillary acidic protein
(GFAP) and ionised calcium-binding adapter molecule 1 (Ibal) as markers of astroglia and microglia, respectively, and
reduced the expression of neuroinflammation-related Toll-like receptor 4 (TLR4), myeloid differentiation primary response 88
(MyD88), and phosphorylated nuclear factor kappa-B (p-NF-«B)/NF-«B in the brain of PD mice. In addition, ceftriaxone
reduced the abundance of pathogenic bacteria of the genus Proteus and increased the abundance of probiotic Akkermansia.
Finally, ceftriaxone treatment increased the expression of the tight junction proteins zona occludens-1(ZO-1) and occludin in
the colon, decreased the expression of the inflammation-related proteins TLR4, MyD88, and NF-xB in the colon, and
decreased the serum concentration of the proinflammatory cytokines interleukin-1f3 (IL-1f), IL-6, and tumour necrosis factor-
o (TNF-a). These results indicate that ceftriaxone had a neuroprotective effect on MPTP-induced PD mice, and its
neuroprotective effect could be through regulating inflammation and intestinal microbiota. While we showed that ceftriaxone
exerts a neuroprotective effect in an MPTP-induced PD mouse model, our findings are limited to the short-term effects of
ceftriaxone. Additional work using transgenic mice is required to determine the long-term effects of ceftriaxone. In addition,
the dose and frequency of ceftriaxone use should be evaluated.

1. Introduction

Parkinson’s disease (PD) is a complex and progressively
degenerative disease of the central nervous system,; it affects
more than 6 million people throughout the world [1]. The
clinical features of PD include motor and nonmotor symp-
toms [2]. These symptoms severely affect the quality of life

of patients and bring great burden to society [3]. The main
pathologies of PD are the loss of dopaminergic neurons in
the substantia nigra pars compacta (SNc) of the midbrain
and the accumulation of a-synuclein in the cytoplasm of
neurons form Lewy bodies. The aetiology of PD is not clear
but may be related to various risk factors such as excitotoxi-
city, oxidative stress, and neuroinflammation. The current


https://orcid.org/0000-0002-0506-8536
https://orcid.org/0000-0001-7768-3127
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9424582

treatment of PD includes levodopa, dopamine agonists,
monoamine oxidase (MAO) inhibitors, anticholinergics,
and amantadine, all of which can improve symptoms and
slow disease progression. However, none of these treatments
can completely cure the disease, and there are some side
effects [4]. Although new treatments such as glutamate
receptor antagonists, antiapoptotic agents, and antioxidants
have been proposed—with the potential to protect nerve
cells and slow the progression of PD—there is a lack of
scientific evidence to support these claims in clinical
practice [5].

Increasing evidence suggests there is bidirectional com-
munication between the gut and the brain [6-8]. Patients
with PD have an intestinal microbiota disorder, which is
specifically manifested in the increased abundance of
Lactobacillus and Enterobacteriaceae and the decreased
abundance of Prevotella, Clostridium coccoides, and Bacter-
oides fragilis [9, 10]. Recently, GV-971 was approved for
the treatment of Alzheimer’s disease (AD) by the National
Medical Products Administration for its ability to remodel
the intestinal microbiota. Targeting the intestinal microbiota
for the treatment of AD opens up a new way to treat other
neurological diseases [11].

The use of antibiotics has a long-term impact on the
composition and diversity of the intestinal microbiota, and
it has been reported that the use of antibiotics—especially
macrolides and lincosamides—is related to the increased risk
of PD [12]. Nevertheless, some antibiotics, such as ceftriax-
one, have been reported to have neuroprotective properties
that are unrelated to their antibacterial activity [13].
Rothstein et al. [13] first reported that the S-lactam antibi-
otics (such as ceftriaxone) have a neuroprotective effect on
ischaemic brain injury. Subsequent studies have proved that
ceftriaxone exerts a neuroprotective effect in various neuro-
degenerative diseases, such as AD [14], PD [15], amyotro-
phic lateral sclerosis (ALS) [16], and Huntington’s disease
(HD) [17].

Although ceftriaxone has been used commonly in the
clinic, little work has been done to explore its potential
mechanisms of adjusting intestinal microorganisms in PD.
In this study, ceftriaxone was injected intraperitoneally into
a mouse model of PD, induced by I-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), and the neuroprotective
effect of ceftriaxone in these mice was explored using behav-
ioural tests, immunofluorescence, Western blotting, and
high-throughput 16S ribosomal DNA (rDNA) sequencing.

2. Materials and Methods

2.1. Animals. The mice used in this experiment were pur-
chased from SJA Laboratory Animal Co. (Changsha, Hunan,
China). All mice were male C57BL/6 and weighed 25-30g.
The purchased mice were allowed to adapt to the laboratory
environment for 1 week before the experiment. The mice
were kept on a 12-h photoperiod, with a temperature of
22+£2°C and humidity of 50% + 15%. Laboratory food
and water were available ad libitum.

The study had been approved by the Laboratory Animal
Ethics Committee of Nanchang Royo Biotech Co., Ltd.
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(license No. RYE2019041502) on 15 April 2019, and all
experiments were conducted according to the established
guidelines.

2.2. Experimental Design and Treatment. After 1 week of
adaptation, the mice were divided into six groups, each with
15 mic. (i) A control group received saline (C group). (ii) A
group was given a daily intraperitoneal injection of MPTP
(Sigma, Cat# M-0896) of 20 mg/kg for 7 days to establish a
PD mouse model (M group). (iii) A group was treated with
ceftriaxone (200 mg/kg, once a day, intraperitoneal injec-
tion) for 7 days while using MPTP to establish a PD mouse
model (MCEF group). (iv) A group was treated with ceftri-
axone (200 mg/kg, once a day, intraperitoneal injection) for
7 days while using MPTP to establish a PD mouse model.
Behaviour was evaluated in these mice. Then, the mice were
transplanted with 200yl of faecal microbiota (from PD
mice), containing 1x 107 colony-forming units (CFU)/ml
every day for 7 days (MCEFF group). (v) A group received
faecal microbiota transplantation from PD mice, namely,
2004l (microbial content of 1x 107 CFU/ml) intragastric
gavage per day for 7 days (FMT group). (vi) A group
received faecal microbiota transplantation from PD mice,
namely, 200 ul (microbial content of 10’ CFU/ml) gavage
per day for 7 days. Behaviour was evaluated in these mice,
followed by ceftriaxone administration (200 mg/kg, once a
day, intraperitoneal injection) for 7 consecutive days (FCEF
group). As shown in Figure 1, we performed behavioural
tests on all mice on days 7-10, and euthanised mice in
groups C, M, MCEF, and FMT. Then, the MCEFF group
was transplanted with faecal bacteria, and the FCEF group
was treated with ceftriaxone, and behavioural tests were per-
formed on these mice on days 16-19. After the test, all mice
were euthanised. Five mice were intracardially perfused with
30ml of saline and then injected with 100 ml of 4% (v/v)
paraformaldehyde (Sigma-Aldrich, Cat# P6148) prepared
in phosphate-buffered saline (PBS). The entire perfusion
process was completed within 5min, and the perfusate was
injected with a 50 ml syringe. The brain was collected imme-
diately and then fixed in 4% (v/v) paraformaldehyde for
immunofluorescence. The brains and colon tissues of the
remaining mice were collected, quickly frozen in liquid
nitrogen, and stored at -80°C for future molecular biology
experiments (Figure 1(a)).

2.3. Preparation of Faecal Microbiota from PD Mice. In this
experiment, the donors of faecal microbiota transplantation
were PD mice in the M group, and faeces of mice were col-
lected after daily intraperitoneal injection of MPTP for 5-6
days. One or two grams of faeces were taken from the col-
lected faeces and mixed with 1 ml of sterile saline, and then,
the supernatant was filtered and counted on the plate after
multiple dilutions. One gram of faeces contained 1 x 10° to
1 x 10'° CFU of microbes; faeces were collected according
to the calculated number of faecal microbiota. The faeces
of mice were weighed and added to about 5-times the
volume of sterile saline. After mixing, the faeces were added
to saline (final volume of 50 ml) and oscillated in an oscilla-
tor for 2min for full mixing. Faeces were placed at room
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FIGURE 1: Ceftriaxone improved MPTP-induced motor dysfunction in PD mice. (a) Treatment schedule to explain the design of the whole
experimental. (b) Ceftriaxone improved the bradykinesia mice induced by MPTP (pole test). (c) Ceftriaxone increased the total distance
moved for PD mice (open-field test). (d) Ceftriaxone increased the distance in the central area moved for PD mice (open-field test). (e)
Ceftriaxone increased the number of entries in central (open-field test). C group (N = 8), control group; M group (N = 8), MPTP group;
MCEF group (N =8), MPTP + ceftriaxone group; MCEFF group (N =8), MPTP + ceftriaxone + fecal microbiota transplantation group;
FMT group (N =8), fecal microbiota transplantation group, FCEF group (N =8), fecal microbiota transplantation group + ceftriaxone
group. Data are presented as means+SD. One-way repeated-measures ANOVA with Tukey’s test for multiple comparisons (b-e,
respectively); *p < 0.05, **p < 0.01. CEF: ceftriaxone; MPTP: 1-methyl-4-phenyl-1, 2, 3, 6-tetra-hydropyridine.

temperature for 30 min, the supernatant was collected and
centrifuged, and then, the precipitate was collected. The pre-
cipitate was washed twice with sterile normal saline, and the
final precipitate was added to the appropriate volume of nor-
mal saline and mixed well. Finally, the preparation was given
to the mice intragastrically.

2.4. Behavioural Testing. The pole test is often used to assess
the motor coordination in PD mice. A metal rod with a
diameter of 1cm and a length of 50 cm was wrapped with
bandage gauze to prevent the mice from slipping, and the
bottom of the metal rod was placed in a cage. The mouse
was placed head down on the top of the rod. The time it took

the mouse to return to the cage freely was recorded, ending
when the hind limbs of the mouse reached the bottom of the
cage. Before the formal test, the mice were trained for 2 days.
Each mouse was tested three times, with 15min between
trials. Finally, we take the average of the three trials for
analysis.

The open-field test was used to detect behavioural
changes of the mice—such as exploration—in the new envi-
ronment. The open-field test was performed in a square,
with a length, width, and height of 50 cm x 50 cm x 40 cm,
and black perimeter walls. It was divided into 25 squares
with equal area, which were then divided into the edge area
and the central area (the four small squares in the centre).



During the experiment, mice were put into a corner of the
arena, and their free movement over 10 min was recorded
with a camera. At the end of the experiment, the arena was
swabbed with 75% alcohol to avoid the next mouse from
disturbing by the left scent.

2.5. Immunofluorescence. The fixed brains were embedded in
paraffin. The tissue was then sectioned, and the sections
were dewaxed to water, subjected to antigen retrieval, and
incubated with bovine serum albumin (BSA) to block non-
specific protein binding. The tissues were incubated over-
night at 4°C with the following primary antibodies: rabbit
antityrosine hydroxylase (TH; 1:200; Proteintech, Cat#
25859-1-AP), rabbit antiglial fibrillary acidic protein (GFAP;
1:200; Proteintech; Cat# 16825-1-AP), and rabbit anti-
ionised calcium-binding adapter molecule 1 (Ibal; 1:100;
Abcam; Cat# ab178847). Subsequently, the tissues were
washed on a decolourisation shaker with PBS and then incu-
bated with the corresponding secondary antibody at room
temperature for 50 min. After mounting the sections, they
were observed under a fluorescence microscope and images
captured.

2.6. Western Blotting. The brain and colon tissues were
homogenised to extract proteins. The protein concentration
was determined by using the BCA protein quantitative kit,
and the protein was separated by polyacrylamide gel electro-
phoresis using 10%-12% gels. The electrophoresis time was
adjusted according to the molecular weight of the protein
of interest. After electrophoresis, the separated protein was
transferred to polyvinylidene fluoride membrane. The mem-
brane was incubated with 5% nonfat milk in Tris-buffered
saline with Tween 20 (TBST) at room temperature for
1-2h to block nonspecific protein binding. The mem-
brane was then incubated overnight at 4°C with one of
the following antibodies: rabbit anti-TH (1:2000; Protein-
tech, Cat# 25859-1-AP), rabbit antiexcitatory amino acid
transporter 2 (EAAT2, GLT-1; 1:2000; Proteintech; Cat#
22515-1-AP), rabbit anti-a-synuclein (a-syn; 1:1000; Cell
Signaling Technology; Cat# 4179S), rabbit anti-brain-
derived neurotrophic factor (BDNF; 1:5000; Abcam; Cat#
ab108319), rabbit antiglial cell line-derived neurotrophic
factor (GDNF; 1:5000; Abcam; Cat# abl176564), rabbit
anti-GFAP (1:10000; Proteintech; Cat# 16825-1-AP), rabbit
anti-Ibal (1:1000; Abcam; Cat# ab178847), mouse anti-Toll-
like receptor 4 (TLR4; 1:1000; Santa Cruz Biotechnology,
Cat# sc-293072), rabbit antimyeloid differentiation primary
response gene 88 (MyD88; 1:1000; Proteintech; Cat#
23230-1-AP), rabbit antiphosphorylated-p65 (p-p65;
1:1000; Abcam; Cat# ab86299), rabbit anti-p65 (1:1000;
Cell Signaling Technology; Cat# 8242S), rabbit anti-zona
occludens 1 (ZO-1; 1:5000; Proteintech; Cat# 21773-1-AP),
rabbit antioccludin (1:1000; Proteintech; Cat# 13409-1-
AP), and rabbit anti-S-actin (1:1000; Cell Signaling Tech-
nology; Cat# 4970S). The membrane was washed with TBST
and then incubated with the appropriate secondary antibody
at room temperature for 1-2 h. The enhanced chemilumines-
cence detection system (Pierce) was used to observe the
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membranes. The Image] software (National Institutes of
Health) was used to calculate the density determination.

2.7. Serum Cytokine Measurement. Blood (100-150 ul) was
collected after anaesthesia. The blood was incubated at 4°C
for 30min and then centrifuged at 1500g for 15 min; the
upper serum was collected and stored at -80°C. The levels
of several cytokines were determined by using commercially
available enzyme-linked immunosorbent assay (ELISA) kits
according to manufacturer’s protocols: IL-6 (Proteintech,
Cat# KE10007), TNF-« (Proteintech, Cat# KE10002), and
IL-1p (Proteintech, Cat# KE10003).

2.8. DNA Extraction. Faecal samples from groups C (N =38),
M (N =8), MCEF (N =8), MCEFF (N =8), FMT (N =8),
and FCEF (N = 8) were collected after the behavioural test-
ing, and the TIANamp Bacteria DNA Kit (TianGen) was
used to extract microbiota genomic DNA. The extracted
DNA was quantified by using a nanodrop spectrophotome-
ter, and the quality of DNA extraction was visualised by
using 1.2% agarose gel electrophoresis. The 16S rDNA V4
region was amplified using primers 515F (5'-GTGCCAGC
MGCCGCGGTAA-3') and 806R (5'-GGACTACVSGGGT
ATCTAAT-3'). Then, the polymerase chain reaction
(PCR) products were sequenced on the IlluminaHiSeq
2000 platform (Illumina, Inc.) (GenBank accession number
PRJNA659569).

2.9. High-Throughput 16S rDNA Amplicon Sequencing
Analysis. The Illumina MiSeq/NovaSeq platform was used
to conduct paired-end sequencing of community DNA
fragments. The analysis software QIIME2 (version 2019.4,
https://docs.qiime2.org/2019.4/tutorials/) and the QIIME2
dada2 analysis process were used. Sequences were quality fil-
tered, denoised, and merged, and chimera were removed to
obtain amplicon sequence variants (ASVs). In addition, the
Vsearch software analysis process was used for quality filter-
ing, merging, chimera removal, and clustering to obtain
operational taxonomic units (OTUs) [18]. According to
the distribution of ASV/OTU in different samples, the a-
diversity level of each sample was evaluated.

The Chaol index estimates the number of species that
actually exist in the community by calculating the ASV/
OTU that are only detected once and twice in the commu-
nity. The Faith_pd index evaluates the degree of genetic
diversity of the community by calculating the full length of
the clade occupied by the ASV/OTU representative sequence
in the sample in the phylogenetic tree constructed by it. The
B-diversity index represents the difference between samples.
Principal coordinate analysis (PCoA), nonmetric multidi-
mensional scaling (NMDS), and other nonconstrained sort-
ing methods were used to reduce the dimensionality of
multidimensional microbial data and to display the distribu-
tion of samples on the continuous sort axis to show the main
trend of the data changes. PCoA expands the sample dis-
tance matrix in a low-dimensional space after projecting it
and preserves the distance relationship of the original sam-
ple to the utmost extent.
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FIGURE 2: Ceftriaxone alleviated MPTP-induced neuropathologic changes in PD mice. (a) Ceftriaxone alleviated the reduction of dopamine
neurons on mouse brain induced by MPTP (IF staining of substantia nigra). Western blotting of TH (b), GLT-1 (c), a-syn (d), BDNF (e),
and GDNF (f) expression in substantia nigra, $-actin was used as an internal control. C group (N =4), control group; M group (N =4),
MPTP group; MCEF group (N =4), MPTP + ceftriaxone group; MCEFF group (N =4), MPTP + ceftriaxone + fecal microbiota
transplantation group; FMT group (N =4), fecal microbiota transplantation group, FCEF group (N = 4), fecal microbiota transplantation
group + ceftriaxone group. Data are presented as means+SD. One-way repeated-measures ANOVA with Tukey’s test for multiple
comparisons (b-f, respectively); *p < 0.05, **p < 0.01. CEF: ceftriaxone; MPTP: 1-methyl-4-phenyl-1, 2, 3, 6-tetra-hydropyridine.

2.10. Data Analysis. Prism version 7.0 (GraphPad Software,
San Diego, CA, USA) was used for data analysis. Statistical
analysis was conducted by one-way analysis of variance
(ANOVA) followed by Tukey’s test for multiple compari-
sons, as indicated in the figure legends. The data are pre-
sented as mean * standard deviation (SD), and p < 0.05 was
regarded to be statistically significant.

3. Results

3.1. Ceftriaxone Improved the Motor Dysfunction and
Decreased Exploratory Ability Caused by MPTP. To investi-
gate the effects of ceftriaxone on PD mice, we established a
subacute PD mouse model using MPTP and then con-
ducted the faecal microbiota transplantation experiment
(Figure 1(a)). In the pole test, MPTP-treated mice showed
significant motor dysfunction compared with the control
group (Mvs.C=17.725vs.10.895s; p <0.001), and ceftriax-
one significantly alleviated MPTP-induced motor dys-
function (MCEFvs.M=11.67svs.17.72s; p<0.001), and
motor dysfunction recurred in the MCEFF group, which
underwent transplantation of faecal microbiota from PD
mice (MCEFF vs.MCEF =13.83svs.11.67s) (Figure 1(b)).
In addition, when we transplanted the faecal microbiota of
PD mice to normal mice, the mice in the FMT group showed
motor impairment compared with the control group
(FMT vs.C=15.745vs10.89s; p < 0.01). Notably, the use of
ceftriaxone could reverse the movement impairment caused
by faecal microbiota transplantation from PD mice
(FCEF vs.FMT =12.16 s vs.15.74 s; Figure 1(b)).

In the open field test, mice in the M group showed
decreased exploratory ability after injection of MPTP
compared with the C group, as indicated by the total move-
ment distance (Mvs.C=2169 cm vs.3806 cm; Figure 1(c)),

distance moved in the central area (M vs.C=510.6cm vs.
890.7 cm; Figure 1(d)), and the number of entries in the cen-
tral area (Mvs.C=16.5vs.33.75; Figure 1(e)) (p <0.001).
Additionally, the use of ceftriaxone increased the explor-
atory ability of MPTP-induced PD mice. In the MCEFF
and FMT groups, the transplantation of PD microbiota
decreased the exploratory ability of mice, and the use of
ceftriaxone reversed the behavioural and mental changes of
the mice caused by PD microbiota in the FCEF group
(Figures 1(c)-1(e)).

3.2. Effect of Ceftriaxone on MPTP-Induced Neuropathological
Changes. To evaluate the effect of ceftriaxone on PD mice
neuropathologically, immunofluorescence was used to
detect TH expression in the substantia nigra of mice. MPTP
significantly reduced the TH expression in the substantia
nigra of mice in the M group (Figure 2(a)). Based on West-
ern blotting, MPTP treatment significantly decreased the
expression of TH, GLT-1, and neurotrophic factors, and sig-
nificantly increased the expression of a-syn compared with
the C group (Figures 2(b)-2(f)). The transplantation of
microbiota from PD mice worsened the neuropathological
characteristics in the MCEFF and FMT groups, while the
use of ceftriaxone greatly enhanced the expression of TH,
GLT-1, and neurotrophic factors and reduced the expres-
sion of a-syn (Figure 2).

We further studied the effect of ceftriaxone on astrocytes
and microglia; ceftriaxone significantly reduced the activa-
tion of glia via downregulating the expression of GFAP (a
marker of astrocytes) and Ibal (a marker of microglia) in
the substantia nigra of mice (Figures 3(a)-3(d)). In addition,
this drug reduced inflammation by lowering the expression
of TLR4, MyD88, and p-p65 in the TLR4/NF-xB inflamma-
tory pathway in the substantia nigra of mice (Figure 3(e)).
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Transplantation of microbiota from PD mice enhanced the
activation of glia and increased the levels of TLR4/NF-«B
inflammatory proteins, and the use of ceftriaxone reversed
these changes (Figure 3).

3.3. Effect of Ceftriaxone on the Intestinal Microbiota of
MPTP-Induced PD Mice. The intestinal microbiota plays a
key role in the development and treatment of PD through
the brain-gut axis [9]. Therefore, 16S rDNA amplicon
sequencing was used to evaluate the effect of ceftriaxone
on the intestinal microbiota of PD mice. The Chaol index
and Faith_pd index showed that there was no obvious dif-
ference between the C and M groups, while the use of cef-
triaxone significantly reduced the a-diversity in the MCEF,
MCEFF, and FCEF groups (Figures 4(a) and 4(b)). The
Venn results revealed 27 common OTUs in all groups,
and the number of unique OTUs in the C, M, MCEF,
MCEFF, FMT, and FCEF groups is 510, 302, 214, 240,
521, and 104, respectively (Figure 4(c)). PCoA analysis
indicated that the samples in the M group were far from

samples in the C group, and the transplantation of faecal
microbiota from PD mice (MCEFF and FMT groups) sig-
nificantly changed the microbial diversity compared with
the C group. Moreover, the use of ceftriaxone (MCEF,
MCEFF, and FCEF groups) greatly changed the microbial
diversity compared with the C group (Figure 4(d)), even
though these mice had obvious changes in behaviour and
neuroinflammation caused by MPTP and PD faecal micro-
biota transplantation.

Finally, we compared the relative abundance of pro-
biotics and pathogens closely related to PD (Figure 5).
MPTP reduced the abundance of the phylum Firmicutes
and the genera Akkermansia, Prevotella, and Ruminococ-
cus and markedly enhanced the abundance of the genera
Proteus, Adlercreutzia, Bifidobacterium, Clostridium, and
Dorea in the M group compared with the C group. Cef-
triaxone treatment reduced the abundance of the genera
Bifidobacterium and Proteus (p <0.01) and increased the
abundance of the probiotic genera Akkermansia and Pre-
votella (Figure 5).
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Fi1GUREk 5: Effect of ceftriaxone on the relative abundance of gut microbial at phylum and genus level in feces of mice. The relative abundance
of Firmicutes (a), Akkermansia (b), Proteus (c), Prevotella (d), Adlercreutzia (e), Bifidobacterium (f), Clostridium (g), Dorea (h), and
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as means + SD. One-way repeated-measures ANOVA with Tukey’s test for multiple comparisons (a—i, respectively); *p < 0.05,*p < 0.001
. CEF: ceftriaxone; MPTP: 1-methyl-4-phenyl-1, 2, 3, 6-tetra-hydropyridine.

3.4. Ceftriaxone Regulated Intestinal Tight Junction Proteins
and Inhibited Intestinal Inflammation and Systemic
Inflammation Caused by MPTP. To further investigate the
role of intestinal microbiota in the brain-gut axis, we
assessed the expression of intestinal tight-junction-
associated proteins and proteins in the TLR4/NF-«B inflam-
matory pathway in the colon (Figure 6). MPTP significantly
reduced the expression of ZO-1 and occludin (Figure 6(a));
increased the expression of TLR4, MyD88, and p-p65 in
the M group compared with the C group (Figure 6(b));
and also promoted the expression of inflammatory cytokines
IL-6 (Mvs.C=154.7 pg/mlvs.17.94 pg/ml; p <0.01), IL-1
(Mvs.C =65.93 pg/mlvs.12.74 pg/ml; p <0.01), and TNF-«a
(Mvs.C = 147.2 pg/ml vs.14.47 pg/ml; p < 0.01) in the serum

of mice (Figure 6(c)). The use of ceftriaxone significantly
reduced the colonic inflammatory proteins and systemic
inflammatory cytokines caused by MPTP and faecal
microbiota transplantation from PD mice and greatly
enhanced the expression of intestinal tight-junction-
associated proteins.

4. Discussion

PD is a common degenerative disease of the central nervous
system; the number of patients with PD is predicted to
exceed 17.5 million by 2040 [1]. At present, there is no spe-
cific medicine to cure PD [19]. Therefore, considering the
difficulties of new drug development, exploiting new features
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tetra-hydropyridine.

of old drugs is a good choice [13]. Ceftriaxone is a broad-
spectrum antibiotic that is used commonly in the clinic to
treat infections of the respiratory tract and urinary system
[16]; it exhibits a neuroprotective effect in addition to its
antibacterial effect in PD [15, 20] and AD [21]. However, lit-
tle work has been done to explore the effect of ceftriaxone on
the intestinal microbiota in PD.

In this study, a mouse model of subacute PD was used to
evaluate the effect of ceftriaxone on PD, and faecal microbi-
ota transplantation was performed (faecal microbiota from
PD mice were transplanted into normal mice) to evaluate
whether ceftriaxone plays an important role in regulating
the intestinal microbiota of PD mice. MPTP caused signifi-

cant motor dysfunction and decreased the exploratory abil-
ity of mice, and the mice receiving faecal microbiota from
PD mice also showed similar behaviours. Intraperitoneal
injection of ceftriaxone reversed the behavioural changes
caused by MPTP and PD faecal microbiota. These results
are consistent with previous reports that ceftriaxone could
improve the motor dysfunction of PD [20, 22].

The dopaminergic and glutamatergic systems in the
brain work together to regulate motor and cognitive func-
tions [23]. TH is the rate-limiting enzyme that participates
in dopamine synthesis, and when it is reduced to a certain
threshold, it will cause the motor symptoms of PD [24].
Meanwhile, the excitotoxicity of glutamate plays an
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important role in the pathogenesis of PD [25]. Glutamate in
the brain is mainly cleared by GLT-1, but GLT-1 shows dys-
function or decreased expression in patients with neurode-
generative diseases such as PD [26], AD [27], or ALS [17].
Ceftriaxone reportedly reduced the loss of dopaminergic
neurons in PD patients by increasing GLT-1 expression
[23], and our results also confirmed that ceftriaxone could
increase TH and GLT-1 expression in mouse substantia
nigra. In addition, BDNF and GDNF are dopamine-active
neurotrophic proteins that can promote the survival of
dopaminergic neurons and play an important role in neurite
growth [28]. Our results showed that ceftriaxone restored
the expression of BDNF and GDNF in MPTP-induced PD
mice, a finding that is consistent with the results of Kaur
and Prakash [15]. In summary, these results indicate that
ceftriaxone could increase the expression of TH, GLT-1,
and neurotrophic factors, thereby improving the motor
symptoms of PD mice.

In recent years, increasing evidence has confirmed that
the neuroinflammatory response is involved in the patho-
genesis of PD. Neuroinflammation is characterised by the
activation of microglia and astrocytes [29]. Microglia is
the inherent immune effector cells in the central nervous
system [30, 31]. Under normal circumstances, microglia
are in a resting state. When brain tissue is damaged or
stimulated by a-syn or bacteria and their metabolites in
the brain, TLR4 is activated on microglia, and then, the
NF-«B pathway is activated to promote the secretion of
proinflammatory factors such as IL-6, IL-1f3, and TNF-q;
the ultimate outcome is the death of neurons [30, 32].
The signalling pathway mediated by TLR4 plays an
important role in PD [33], and knockout of the Tlr4 gene
reduces rotenone-induced motor dysfunction, neuroin-
flammation, and corresponding neuropathological changes
in PD mice [33]. In this study, we found that ceftriaxone
reduced the expression of GFAP and Ibal and downregu-
lated the expression levels of TLR4, MyD88, and p-p65, all
part of the inflammatory pathway.

To further explore the effect of ceftriaxone on the intes-
tinal microbes of PD mice, 16S rDNA amplicon sequencing
was used to detect changes in gut microbes in the mice.
Through the Chaol index and Faith_pd index, we found
that MPTP treatment reduced the a-diversity of the
intestinal microbiota. Although ceftriaxone treatment also
significantly reduced the «-diversity of the intestinal
microbiota, when we analysed microbiota changes at the
phylum and genus levels, we found that the abundance of
the genera Akkermansia and Prevotella was increased in
the ceftriaxone-treated groups. Many studies have shown
that Akkermansia can effectively improve symptoms in
mouse models of diseases such as ALS [34], progeria [35],
and chronic colitis [36] by promoting healing and recovery
of intestinal mucosal layer and reducing the expression of
proinflammatory cytokines such as TNF-a and interferon
gamma (IFN-y) in the colon. Prevotella has been reported
to be correlated negatively with PD [37] and autism
spectrum disorder (ASD) [38]. In addition, MPTP adminis-
tration increased the abundance of the genera Proteus,
Adlercreutzia, Bifidobacterium, and Clostridium, as well as
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the bacterium Proteus mirabilis that may trigger neuroin-
flammation and lead to pathological changes related to
PD by its metabolites (such as lipopolysaccharide) [39].
Although studies have shown that Lactobacillus acidophi-
lus and Bifidobacterium infantis can improve abdominal
pain and bloating in PD patients [40], the results
reported by Petrov et al. [37] and our research consis-
tently showed that the abundance of Bifidobacterium in
PD is increased.

The functions of the intestinal mucosal barrier are
related to the intestinal microbiota, whose dysbiosis can
lead to decreased expression of intestinal tight-junction-
associated proteins. This reduction allows the entry of
pathogenic bacteria and their metabolites into the blood
and increases inflammatory factors such as IL-6, IL-18,
and TNF-« [36]. There is an increase in proinflammatory
microorganisms in the intestinal microbiota of PD patients
[41], and proinflammatory cytokines could play a role in
the nonmotor symptoms of PD [42]. In our study, ceftriax-
one therapy restored the MPTP-induced decrease in intesti-
nal tight-junction-associated proteins, reducing TLR4-
mediated intestinal inflammation as well as serum IL-6,
IL-1B3, and TNF-« expression.

5. Conclusion

We conclude that ceftriaxone regulates the intestinal micro-
biota of PD mice and alleviates the motor dysfunction and
decreased exploratory ability. It also plays an important role
in increasing the integrity of the intestinal barrier, reducing
the inflammation of the colon and the brain, and has a
neuroprotective effect (Supplemental Figure 1). Ceftriaxone
could be a potential treatment for PD, but we only
examined the short-term effects of ceftriaxone on PD
through the establishment of an MPTP-induced PD mouse
model. Further work is needed to determine the long-term
effects of ceftriaxone by using transgenic mice. In addition,
because ceftriaxone drug resistance could appear after
long-term use, the dose and frequency of ceftriaxone
should be explored.
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Age-associated decline in retina function is largely responsible for the irreversible vision deterioration in the elderly
population. It is also an important risk factor for the development of degenerative and angiogenic diseases. However, the
molecular mechanisms involved in the process of aging in the retina remain largely elusive. This study investigated the
role of mTORC1 signaling in aging of the retina. We showed that mTORCI was activated in old-aged retina, particularly
in the ganglion cells. The role of mTORCI activation was further investigated in Chx10-Cre;TscP*” mouse (TscI-cKO).
Activation of mTORCI1 was found in bipolar and some of the ganglion and amacrine cells in the adult TscI-cKO retina.
Bipolar cell hypertrophy and Miiller gliosis were observed in TscI-cKO since 6 weeks of age. The abnormal endings of
bipolar cell dendritic tips at the outer nuclear layer resembled that of the old-aged mice. Microglial cell activation became
evident in 6-week-old TscI-cKO. At 5 months, the TscI-cKO mice exhibited advanced features of old-aged retina,
including the expression of p16™“* and p21, expression of SA-B-gal in ganglion cells, decreased photoreceptor cell
numbers, decreased electroretinogram responses, increased oxidative stress, microglial cell activation, and increased
expression of immune and inflammatory genes. Inhibition of microglial cells by minocycline partially prevented
photoreceptor cell loss and restored the electroretinogram responses. Collectively, our study showed that the activation of
mTORCI signaling accelerated aging of the retina by both cell autonomous and nonautonomous mechanisms. Our study
also highlighted the role of microglia cells in driving the decline in retina function.

1. Introduction

Visual functions, including visual acuity, visual field sensitiv-
ity, contrast sensitivity, and dark adaptation threshold, dete-
riorate with age [1]. The age-related changes of the retina
included the loss of retinal neurons, declined electroretinog-
raphy (ERG) responses, increased oxidative stress, activation
of microglial cells, and increased inflammatory responses.
Aging is also an important risk factor for the development
of degenerative and angiogenic retinal diseases, such as
age-related macular degeneration, glaucomatous retinopa-
thy, and diabetic retinopathy [2]. In humans, age-related
thinning of inner retina, including the ganglion cell layer

(GCL), inner plexiform layer (IPL), and inner nuclear layer
(INL), the loss of retinal ganglion cells (RGCs), bipolar cells,
and rod photoreceptors, and increased expression of
senescence-related proteins have been reported [1, 3, 4].
However, the mechanisms which regulate the aging process
of retina (retina aging) are yet to be elucidated.

Mammalian target of rapamycin complex 1 (mTORC1) is
a protein complex that senses and integrates environmental
and intracellular nutrient, growth factors, energy, and redox
status and regulates protein synthesis [5]. mTORCI signaling
pathway is involved in the regulation of cell growth, prolifera-
tion, apoptosis, and inflammatory responses. In cells, the
tuberous sclerosis complex, a protein complex consisting of
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TSC1 and TSC2, is a major upstream inhibitor of mTORCI1
[6]. Deletion of Tscl gene leads to the activation of mTORCI1
in affected cells. On the other hand, rapamycin effectively
inhibits mTORC1 therefore attenuates mTORCI1-mediated
signaling activity. The two best-characterized downstream
effector molecules of mTORCI are ribosomal protein S6
kinase (S6K) and eukaryotic translation initiation factor
4E- (eIF4E-) binding protein 1 (4E-BP1) [7]. mTORC1 phos-
phorylates and activates ribosomal protein S6 kinase (S6K),
which subsequently phosphorylates ribosomal protein S6
(S6). Phosphorylation of 4E-BP1 by mTORCI releases its
binding from eIF4E, enabling it to form an active protein
translation initiation complex and initiate cap-dependent
protein translation.

Chx10 is a transcriptional factor involved in retinal
development and bipolar cell differentiation [8]. The expres-
sion of ChxI0 is restricted in the anterior part of the optic
vesicle during retina genesis and is gradually restricted to
bipolar cells in adult mice [9]. Using Chx10-cre driven Tscl
conditional knockout mice (Tscl1-cKO), Choi et al. found
that the activation of mTORCI in ChxI0-expressing cells
shortened retinal progenitor cell cycle and subsequently
accelerated progenitor cell differentiation and retina devel-
opment [10]. Depending on the timing of Tsc-1 knockout
during retinal development, the activation of mTORCI1
could also lead to the manifestation of ocular tuberous
sclerosis complex [11]. Reduced mTORCI signaling led to
proliferation defect and excessive production of retinal gan-
glion cells [11]. mTORCI is also expressed abundantly in
adult retina, at a level higher than metabolically active brain
and liver, especially in cells of the inner retina [12]. In gan-
glion cells, mMTORCI activity was needed for axonal survival
after optic nerve injury [13-17]. However, Miiller glial pre-
dominantly express mTORC2 rather than mTORC1 [12].
In photoreceptor cells, augmentation of mTORCI activity
extended the survival of cone cells in mouse with retinitis
pigmentosa, possibly because it ameliorated the nutrition
deprivation condition caused by rod cell death [18-20].

mTORCI is also involved in the regulation of longevity
and aging. Inhibition of mTORCI signaling by rapamycin
extended the longevity of all livings tested so far, from single
cell yeast to nonhuman primates [21]. In human retinal
pigment epithelial cells, the mTOR pathway showed age-
associated changes [22]. In the OXYS rat, a rat model of
accelerated aging due to overproduction of free radicals, rap-
amycin treatment ameliorated the incidence and severity of
retinal degeneration [23]. However, it is not known whether
mTORCI signaling played a direct role in retina aging and
neural retinal cell senescence. In this study, we showed that
mTORCI signaling was activated in old-aged retina. We
found that ganglion cells of the old-aged retina had increased
mTORCI activity and the expression of senescence associ-
ated-3-galactosidase (SA-p-gal). To further study the effect
of mTORCI activation on retina aging, we used the adult
Tscl-cKO mice and found that the ablation of Tscl in
Chx10-expressing cells accelerated retinal aging as evidenced
by progressively declined ERG responses, the elevation of
oxidative stress level, the activation of microglial cells, the
expression of senescence-related proteins, and a gene expres-

Oxidative Medicine and Cellular Longevity

sion profile with features of aging retina. Furthermore, we
found that the inhibition of microglial cells by minocycline pre-
vented photoreceptor cells loss and partially restored the ERG
responses. Collectively, our study demonstrated mTORC1
activation accelerated retina aging and retinal degeneration.
Our results also suggested that microglial cell activation is an
important factor which lead to overall functional deterioration
in the retina.

2. Materials and Methods

2.1. Animal Husbandry and Genotyping. Chx10-Cre (Tg(Chx10-
EGFP/cre,-ALPP)2CIcl], cat. 005105), TscI-flox (Tsc1™*/J, cat.
005680), and the tdTomato reporter mice (B6.Cg-Gt(ROSA)26-
Sortm9(CAG-tdTomato)Hze/], cat. 007909) were obtained from
the Jackson Laboratory and housed in a specific-pathogen-free
(SPF) mouse facility under 12-hour light/dark cycle with unre-
stricted access to food and water in Xinhua Hospital Affiliated
to Shanghai Jiao Tong University School of Medicine. They
were mated to produce the Chx10-Cre;Tscl” mice (Tscl-
cKO). Unless otherwise specified, the control mice used in this
study were Chx10-Cre;Tsc*'*. All procedures involving ani-
mals were in compliance with the ARVO statement for the
Use of Animals in Ophthalmic and Vision Research and
approved by the Institutional Animal Care and Use Commit-
tee of Xinhua Hospital.

Animals were genotyped by PCR analysis using genomic
DNA extracted from tail biopsies. Cre recombinase DNA
was detected using Cre-F (5'-TTTCCCGCAGAACCTG
AAGA-3') and Cre-R (5'-GGTGCTAACCAGCGTTTTC
GT-3'). A 430 basepair (bp) amplicon was expected. The
floxed Tscl was detected using IMR4008 (5'-GTCACG
ACCGTAGGAGAAGC-3') and IMR4009 (5'-GAATCA
ACCCCACAGAGCAT-3'). The floxP containing DNA
yielded a 230bp product, and the wildtype DNA yielded a
193 bp product.

2.2. Histological and Immunofluorescent Microscopy. Ani-
mals were given a lethal dose of sodium pentobarbital
(120 mg/kg body weight) and were either enucleated or per-
fused immediately with fresh-made 4% paraformaldehyde
(PFA). The retina cup free of vitreous and retinal pigment
epithelium was fixed in PFA overnight at 4°C, followed by
sequential dehydration in 10%, 20%, and 30% sucrose,
embedded in optimal cutting temperature compound
(OCT), and sectioned at 10pum thickness using a Leica
microtome (CM1950, Leica Biosystems, Wetzlar, Germany).

Hematoxylin and eosin (H&E) staining was performed
according to the standard protocol and visualized under
light microscope. For immunofluorescent staining, the tissue
sections were permeabilized with 0.5% Triton X-100 for
60 mins, blocked with 10% goat serum and 0.1% Triton X-
100 in PBS at room temperature, and incubated with desired
primary antibody at 4°C overnight. The antibodies used in
the present study (including those for Western blot analysis
below) are listed in Supplementary Table S1. The slides were
visualized under fluorescent microscope (Leica DMi3000B)
or confocal microscope (Leica TCS SP8).
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2.3. Senescence-Associated [3-Galactosidase Staining. A
senescence-associated f-galactosidase (SA-f-Gal) staining
kit (Catalog no. 9860; Cell Signaling Technology, Danvers,
MA, USA) was used according to the manufacturer’s
instruction. Briefly, frozen sections of mouse retina were
restored to room temperature, fixed in the provided fixative
for 15 mins, washed with PBS 3 times, and then incubated in
freshly prepared staining solution for 12 hrs at 37°C. Pictures
were taken under light microscope. The original blue stained
images were converted to grayscales to increase the contrast.

2.4. Western Blot Analysis. Freshly isolated retina cup was lysed
in RIPA buffer (Cat. 9806S, Cell Signaling Technology) contain-
ing 1 mM PMSF and 1x protease inhibitor cocktail (cOmplete
Protease Inhibitor Cocktail Tablets, Cat. 5892970001, Roche
Diagnostics, Basel, Switzerland) with sonication. Protein
concentration was measured using Micro BCA protein assay
kit (Cat. 23235, Thermo Fisher Scientific, Shanghai, China),
and 30 pg of total tissue lysates was loaded onto SDS-PAGE,
transferred to nitrocellulose membrane (1620115, Bio-Rad
Laboratories, Hercules, CA, USA), and probed with indicated
antibodies (Supplementary Table S1). Proteins were visualized
using chemiluminescent HRP substrate (Immobilon Western,
WBKLS0500, MilliporeSigma, Shanghai, China), and the
signals were captured by Bio-Rad Gel Doc XR+ system. For
quantitative analysis, the densitometrical value of the protein
bands was analyzed with Image] and normalized to -actin.

2.5. RNA Extraction and Real-Time PCR. Total RNA was
extracted using Trizol reagent (Thermo Fisher Scientific,
Shanghai, China) and the RNA Clean & Concentrator-5
kit (R1013, Zymo Research, Irvine, CA, USA). Complemen-
tary DNA was synthesized using PrimeScript RT Reagent
Kit (RR037A, Takara, Japan). Real-time PCR analysis was
performed using TB Green Premix Ex Taq II reagent
(RR820A, Takara, Japan). Gene expression was compared
by 6Ct method using Actb as internal control. Primer
sequences were listed in Supplementary Table S2.

2.6. Electroretinograms. The Espion E3 console in conjunc-
tion with the Color Dome (Diagnosys LLC, Lowell, MA,
USA) was used for Ganzfeld ERG recording. The procedure
was adopted from a detailed description for mouse ERG
examination [24]. Briefly, mice were weighted, tagged, and
dark-adapted overnight before the experiment. Sodium pen-
tobarbital was used as anesthesia at the dose of 80 ug/g body
weight and injected intraperitoneally in the dark. Once the
mouse was anesthetized, it was gently moved to a warm
metal plate to maintain the body temperature at 37°C. The
pupil was dilated with 0.5% tropicamide-0.5% phenyleph-
rine (Mydrin-P, Santen Pharmaceutical Co., Ltd., Japan)
about 10 mins before the recording. A thin layer of ofloxacin
eye ointment (Sinqi Pharmaceutical, Shenyang, China) was
applied to the cornea surface which served as a preventative
medication for infection and as a lubricant. Platinum wire
ring electrodes were positioned on the surface of both cornea
for binocular ERG recordings. A reference electrode was
placed subcutaneously at the middle of the forehead region.
A ground electrode was placed at the back near the tail.

For the dark-adapted single-flash ERG recording, the
mouse was placed in the dome with no background illumi-
nation. Single white-flash stimuli at -4.3, -4, -3, -2, -1.5, -1,
-0.5, 0, 0.4, 1, and 1.3 log cdes/m” were given at the inter-
stimulus intervals of 40s. Band-pass filtering was applied
from 0.3 to 300 Hz. For each stimulus, five responses were
recorded and averaged. For the light-adapted ERG record-
ing, the mouse was light adapted for 10 mins at a static back-
ground light of 1.3 log cd/m*. White-flash stimuli at -2, -1.5,
-1, -0.5, 0, 0.5, 1, and 1.5 log cdes/m*> were given at the
interstimulus intervals of 10secs. For each stimulus, ten
responses were taken and averaged.

The total recording time was 420 ms, including a 20 ms
preflash recording time. The amplitude of a-wave was mea-
sured from the prestimulus baseline to the most negative
trough of the ERG. The amplitude of the b-wave was mea-
sured from the trough of the a-wave to the most positive
peak of the ERG which followed the a-wave. Peak times were
measured from flash onset to the peak of a- and b-waves.

2.7. Microarray Analysis of Gene Expression. Three 5-
month-old TscI-cKO mice, three age-matched control, two
24-month-old C57BL/6, and two 5-month-old TscI-cKO
mice after rapamycin treatment were subjected to gene
expression analysis. The Agilent SurePrint G3 Mouse Gene
Expression v2 8x60K microarray (Design ID: 074809) was
used. The array contained 56605 probes which covered
27307 genes. Total RNA was quantified by NanoDrop ND-
2000, and the integrity of RNA was assessed using Agilent
Bioanalyzer 2100. Sample labeling, microarray hybridiza-
tion, and washing were performed according to the manu-
facturer’s suggestions. Agilent Scanner G2505C was used to
scan the arrays at the end.

The Feature Extraction software (version 10.7.1.1,
Agilent Technologies) was used to analyze array images to
get raw data. It was then normalized with the quantile
algorithm. The probes that were flagged as “detected” in at
least 1 out of 2 conditions were chosen for further analysis.
For each expressed gene, the fold change between groups
and p value was calculated. Differentially expressed genes
(DEGs) were identified if the fold change was 2 or more
and the p value equaled or less than 0.05. Afterwards, Gene
Set Enrichment Analysis (GSEA) and Gene Ontology (GO)
analysis were performed to explore the collective functions
of the DEGs. GSEA was conducted based on the normalized
gene expression values from microarray data according to
the methods described previously [25]. The gene sets ana-
lyzed were acquired from the GO database. A gene set-based
permutation test of 1000 permutations was applied, and genes
were ranked according to the signal2noise method. All other
parameters were set to GSEA defaults. GO enrichment analy-
sis of differentially expressed genes was performed using R
based on the hypergeometric distribution.

2.8. Dihydroethidium (DHE) Fluorescent Staining. DHE
fluorescent staining was performed to determine the reactive
oxygen species (ROS) level in the retina in vivo [26, 27].
Briefly, freshly made DHE (10mg/mL in anhydrous
dimethylsulfoxide mixed with equal volume of 2x sterile



PBS) was injected intraperitoneally at the dose of 50 mg/kg
body weight. The mice were sacrificed 2 hrs after the injec-
tion, and the eyes were enucleated, embedded in OCT, and
cryo-sectioned at a thickness of 10 ym. The slides were then
washed twice in PBS and mounted with ProlongGold anti-
fade reagent (P10144, Thermo Fisher Scientific) and scanned
using a 532nm excitation laser and a 580nm long-pass
detection filter. The intensity of the fluorescence of the entire
section was quantified using ImageJ and used for compari-
son between groups.

2.9. Lipid Peroxidation Analysis. The level of lipid peroxida-
tion was indicated by measuring the concentration of mal-
ondialdehyde (MDA) in the retina (ab118970, Abcam,
Shanghai, China) according to the manufacturer’s instruc-
tion. Briefly, retina tissue was homogenized in 300 uL
MDA lysis buffer supplemented with lipid peroxidation
inhibitor. After centrifugation, 10 uL of the supernatant
was used for protein quantification, and 200 uL of the super-
natant was used to determine the amount of MDA based on
the reaction with thiobarbituric acid (TBA) in a 96-well
microplate. The final product of MDA-TBA adduct was
quantified colorimetrically on a microplate reader at 532 nm.

2.10. Rapamycin Treatment. Rapamycin (HY-10219, Med-
ChemExpress) was dissolved in 100% alcohol at the
concentration of 25 mg/mL and further diluted to 1 mg/mL
using a water-based solvent containing 5% Tween-80 and
5% PEG-400. The experimental mice were given intraperi-
toneal injections of 5pug/g body weight every day for 30
days and sacrificed 3 days after the last injection [28].
The control group received solvent at the same time as
the experimental group.

2.11. Minocycline Treatment. Minocycline hydrochloride
(HY-17412, MedChemExpress, Shanghai, China) at the dose
of 50 mg/kg was injected intraperitoneally to mice daily for 1
month as described [29, 30].

2.12. Statistical Analysis. The Statistical Package for the
Social Sciences (SPSS) version 21 was used for data analysis.
Unless otherwise specified, the average and standard error
(SE) of data from repeated experiments were presented.
Unpaired Students’ f-test or two-way analysis of variance
(ANOVA) was used to determine the statistical significance
between two groups. A p value that equals or less than 0.05
was considered as statistically significant.

3. Results

3.1. mTORCI Activity Is Increased in Retina of Old-Aged
C57BL/6 Mice. The effect of mTORCI activation on aging
has been demonstrated in many cells and tissues [21]. To
test whether retina aging is also associated with changes of
mTORCI activity, we compared the expression of total and
phosphorylated ribosomal protein S6 (S6 and p-S6,
respectively) and S6 kinase (S6K and p-S6K, respectively)
in 3- and 24-month-old C57BL/6 mouse retinal tissue.
Western blot analysis showed that the 24-month-old mouse
retina expressed higher levels of p-S6 and p-S6K than the
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3-month-old ones, while the total S6 and S6K proteins
remained the same between the two groups (Figures 1(a)
and 1(b)). Immunofluorescent staining of p-S6 protein
revealed strong positive signals in GCL and sporadic positive
signals at the INL of the 24-month-old retina, while weak and
sporadic staining was found in the GCL of the 3-month-old
retina (Figure 1(c)). Costaining of p-S6 with markers for cells
of the inner retina showed that ganglion cells and bipolar and
amacrine cells expressed p-S6 in the old-aged retina (arrow-
heads in Figure 1(d)). These results indicated the activation
of mTORC1 in the inner retina of old-aged mice, which
was consistent with previous report [12]. We also found that
the bipolar cells of the 24-month-old retina had aberrant
dendritic tips ending at outer nuclear layer (ONL) (arrows
in Figure 1(d)), which was also consistent with previous
report [31]. In addition, GFAP and Iba-1 staining showed
the activation of Miiller glial and microglial cells in old-
aged retina, respectively (Figure 1(e)).

Next, we performed SA-B-Gal staining on 3- and 24-
month-old retina. We found positive staining only in
ganglion cells of the old-aged retina (Figure 1(f)). Taken
together, the results showed that old-aged retina was fea-
tured with increased mTORCI signaling in the inner retina,
activation of microglia and Miiller glial cells, abnormal bipo-
lar cell morphology, and ganglion cell senescence.

3.2. Generation and Characterization of Tsc1-cKO Mice. In
order to understand the impact of mTORCI activation on
retina aging, we generated the TscI-cKO mice. Real-time
PCR analysis of retina RNA showed that Tscl gene expres-
sion in TscI-cKO retina was about 26% of controls (data
not shown). Western blot analysis revealed 90% reduction
of Tscl protein in the Tsc1-cKO mouse retina compared to
littermate controls (Figures 2(a) and 2(b)). At the meantime,
increased expression of phosphorylated mTOR, 4E-BP1, and
S6 kinase was found in TscI-cKO retina, indicating the acti-
vation of mTORCI1 pathway (Figures 2(a) and 2(b)).

Chx10 is expressed in retinal progenitor cells during ret-
ina genesis and is gradually restricted to bipolar cells in adult
mice [8]. Chx10-cre was known to be expressed in bipolar
and a significant number of Miiller glial cells [9, 32]. To
determine cells with ChxI10-cre expression in this study, we
used Rosa26-tdTomato reporter mice. Red fluorescent signal
was found in mosaic pattern in embryonic and neonatal ret-
ina of ChxI0-cre; Rosa26-tdTomato mice (Supplementary
Figure S1). In postnatal day 10 (P10) mouse retina, tdTomato
expression was found in bipolar cells, Miiller glial cells, some
of the amacrine, horizontal, and RGC cells (Supplementary
Figure SI1A-G). In 4-week-old Chx10-Cre mouse, red
fluorescent signal was concentrated in the inner retina, and
the expression of Cre was restricted to cells at the outer part
of the INL, presumably bipolar cells (Supplementary
Figure S2H-I). These results were consistent with previous
reports [9, 33, 34], suggesting that Chx10-cre likely led to
Tscl ablation in bipolar cells, a significant number of Miiller
glial cells, some of the RGC, amacrine, and horizontal cells
in Tsc1-cKO retina.

To determine if TscI ablation was associated with neural
retinal cell mTORC1 activation, we performed p-S6
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FI1GURE 1: Increased mTORCI activity in 24-month-old C57BL/6 retina corresponded with cell senescence. (a) Representative Western blot
analysis of total ribosomal protein S6 (S6), phospho-S6 (p-S6), total S6 kinase (S6K), and phospho-S6 kinase (p-S6K) in retinal extracts of
24- (old) and 3-month-old (young) mice. The experiments were repeated three times with one pair of samples at each time. (b) Relative
expression of phosphorylated S6 and S6K proteins in control and 24-month-old C57BL/6 retina. Phosphorylation status of each protein was
calculated by dividing the intensity of the band of the phosphorylated protein by the intensity of the band of the corresponding total protein.
The number from each experiment was averaged, and the error bars represented SE. *p < 0.05 by unpaired Student’s t-test between 24- and
3-month-old groups. (c) Representative immunofluorescent staining of p-S6 on 24- (old) and 3-month-old (young) mouse retina. (d)
Costaining of p-S6 with markers for various retinal cells indicated the activation of mTORCI in bipolar cells (PKCa, Goa, PKARIIS),
ganglion cells (Brn3a), and amacrine cells (ChAT) but not in Miiller glial cells (CRALBP) (arrowheads) of 24-month-old C57BL/6 mouse
retina. Arrows indicated aberrant dendritic tip endings of bipolar cells at ONL. (e) Representative immunofluorescent staining showed the
activation of Miiller glial (GFAP) and microglial (Iba-1) cells in old-aged retina. (f) Senescence-associated-3-galactosidase (SA--gal) staining
of retinal ganglion cell layer (GCL) (arrows) of the 24-month-old mouse retina. The staining was absent in the retina of young mice. Scale
bar: 100 ym.

immunofluorescent staining in 2-month-old TscI-cKO ret-  (Figure 2(c)). Costaining revealed p-S6 expression in gan-
ina and found that strong positive signals were predomi-  glion cells, bipolar cells, and a few of the amacrine cells
nantly localized at GCL and the inner part of the INL  (Figure 2(d)). We noticed very weak p-S6 staining in Miiller
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FiGurg 2: Characterization of Tsc1-cKO retina. (a) Western blot analysis of Tscl, mTOR, phospho-mTOR (p-mTOR), 4E-BP1, phospho-
4E-BP1 (p-4E-BP1), S6K, and p-S6K in total protein lysates of the Tsc1-cKO and control retina. The experiment was repeated twice. In total,
3 controls and 3 Tscl-cKO retina samples were analyzed. (b) Relative quantification of protein expression. The density of the bands was
normalized against actin for loading control and corresponding total protein for phosphorylated proteins. *p < 0.05 by unpaired Students’
t-test between control and Tscl-cKO. (c) Staining of p-S6 indicated the activation of mTORCI in Tsc1-cKO retina was predominantly at
GCL and inner part of the INL layers. Only sporadic staining was found at GCL of control retina. (d) Immunofluorescent staining
revealed the localization of p-S6 in bipolar cells (PKCa, Syt2, PKARIIf), ganglion cells (Brn3a), and some of the amacrine cells (ChAT) of
the 3-4-month-old Tsc1-cKO retina. Weak staining was found in Miiller glial cells (CRALBP). Scale bar: 100 ym.
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glial cells. This was consistent with the results from a recent
study showing that Miiller glial cells predominantly express
mTORC2 [12]. No significant p-S6 staining was found in
photoreceptor cells. In rod- and cone-specific TscI-cKO
mice, strong p-S6 staining was found in photoreceptor cells
[18, 35]; therefore, the lack of p-S6 staining suggested negli-
gible mTORCI activation in photoreceptor cells of the TscI-
cKO retina, which was consistent with the absence of Chx10
expression in these cells. Collectively, the results showed that
despite the broad expression of Chx10-cre during retinal
development, the activation of mTORCI was largely limited
to cells of the inner retina, in particular, to bipolar cells, gan-
glion cells, and some of the amacrine cells.

3.3. Histological Changes of Tsc1-cKO Retina. Next we exam-
ined histological changes of the TscI-cKO retina. At the age
of 1 month, no significant difference was found between
Tsc1-cKO and control. At the age of 3 months, the eyes of
the TscI-cKO were significantly bigger than the age-
matched controls as indicated by the diameters of the eye
balls and the surface areas of the retina (Figures 3(a) and
3(b), Supplementary Figure S2A). The surface areas of the
3- and 5-month-old TscI-cKO retina were about 4.4% and
11% bigger than controls at the same age, respectively.
H&E staining of the retina at different ages showed
progressive thickening of the IPL and INL layers of the TscI-
cKO retina (Figures 3(c) and 3(d)). By the age of 7 months,
the INL and IPL of the TscI-cKO retina were 57% and 81%
thicker than the controls, respectively (Figure 3(d)).
However, no retina hamartoma was found in any of the eyes
examined. In contrast, the ONL layer of the TscI-cKO retina
progressively thinned with age. At 5 months old, the ONL of
the TscI-cKO mouse retina was 88% of the control
(p=0.034). The increases in the thickness of INL and ONL
in the Tscl-cKO mice were also confirmed by optical
coherence tomography of animals at the ages of 3 and 5
months old (data not shown).

We further compared the numbers of nuclear at the INL
between TscI-cKO and control mice at different ages. No sig-
nificant differences in the density of cell nuclear was found
(data not shown). However, since the diameter of the Tscl-
cKO eye balls was slightly larger than that of controls, we
could not exclude the possibility that the mature TscI-cKO
retina had slightly more cells than controls. On the other hand,
significant hypertrophy of the Chx10-cre expressing cells was
observed in the TscI-cKO retina (Figure 4). This was most
evident in bipolar cells. The average cell soma of the PKC-
positive rod bipolar cells from 3-month-old Tsc1-cKO mice
was about 22% larger than the controls (Figures 4(a) and
4(b) and Supplementary Figure S2D). Aberrant endings of
bipolar cell axonal projections were found at the GCL
(arrowheads in Figure 4(b) and Supplementary Figure S2B).
The dendrites of bipolar cells were found at the ONL at
different depth (arrows in Figure 4(b), Supplementary
Figure S2B), a phenomenon which was also found in old-
aged retina (arrows in Figure 1(d)). To test if the aberrant
dendritic tips were active, we performed CtBP2 and Psd95
staining and found positive signals for both proteins at
the extended dendritic tips of TscI-cKO bipolar cells

(Supplementary Figures S2B), suggesting that they were
likely active in electro-signal transduction. In addition,
hypertrophy of horizontal cells, amacrine, and ganglion
cells were also observed (Figures 4(c)-4(h)).

Next we analyzed the effect of mTORCI activation on
glial cells. CRALBP staining showed that Miiller glial cells
traversed the entire thickness of the TscI-cKO retina,
indicating cell hypertrophy (Figures 4(i) and 4(j)). We
observed positive GFAP staining in 6-week-old TscI-cKO
retina (Supplementary Figure S2C). As the TscI-cKO grew
older, the staining of GFAP became stronger, suggesting
persistent Miiller glial cell activation (Figures 4(k) and 4(1)).
Iba-1 staining revealed increased number of microglial cells
in the IPL of 6-week-old TscI-cKO retina (Supplementary
Figure S2C). As the TscI-cKO grew older, more microglial
cells with bigger cell soma, shorter and thicker processes,
and less ramification were found at the IPL and INL. In
7-month-old TscI-cKO mice, activated microglial cells were
found in the subretinal space, a phenomenon which was a
hallmark of retina degeneration (Figures 4(m) and 4(n)).

While the inner retina of the Tscl-cKO mice showed
progressive thickening, the ONL became thinner with age.
Cone-arrestin staining revealed progressive decrease of cone
cell density with age in the TscI-cKO retina (Figures 4(o)
and 4(p), and Supplementary Figures S3A and S3B). It was
reported that the thinning of ONL in normal old mouse
retina was the result of expanded retina surface [36]. Even
though the KO mice were bigger than the control, the
percentage of retinal surface increase between TscI-cKO
and control mice was similar; therefore, the thinning of the
ONL in the TscI-cKO retina most likely represented the
loss of photoreceptor cells.

3.4. Expression of Senescence-Associated Proteins and SA-[3-
Gal Staining in TscI-cKO Mouse Retina. To test if the activa-
tion of mTORCI accelerated the development of age-related
changes in the TscI-cKO mouse retina, we compared the
expression of p16™** and p21 proteins among 5-month-
old Tscl-cKO, age-matched control, and 24-month-old
C57BL/6. Western blot analysis showed that both proteins
were significantly upregulated in 5-month-old TscI-cKO
and 24-month-old C57BL/6 retina compared to controls
(Figures 5(a) and 5(b)). SA-B-Gal staining revealed strong
positive signals in ganglion cells of the 5-month-old TscI-
cKO retina (Figure 5(c)). No distinctive signal was found in
cells of the INL or photoreceptor cells. These findings were
similar to what we have observed in 24-month-old C57
BL/6 mouse retina (Figure 1(f)). The results suggested that
mTORCI activation stimulated ganglion cell senescence.

3.5. Increased Oxidative Stress in Tscl-cKO Retina. An
important feature of aging retina is the increase of oxidative
stress, which often leads to the oxidation of protein, DNA,
and lipid [37]. To analyze the level of reactive oxygen
species, we performed DHE staining on 5-month-old TscI-
cKO and compared that to age-matched control and 24-
month-old C57BL/6 mouse retina. The TscI-cKO retina
showed significantly stronger fluorescent signal than both
control and old-aged retina, suggesting higher level of
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F1cure 3: Histological changes of Tsc1-cKO retina. (a) The diameters of eye balls of 1-, 3-, and 5-month-old Tsc1-cKO and age-matched
control mice. (b) Retinal surface area of 1-, 3-, and 5-month-old Tsc1-cKO and control mice. (¢) H&E staining of 1-, 1.5-, 2-, 5-,
and 7-month-old Tsc1-cKO and control mouse retina showing progressive thickening of the INL and IPL starting at 1.5 months and the
thinning of the ONL starting at 3 months of age. (d) The average thickness of IPL, INL, and ONL of Tsc1-cKO and control retina. The
thickness was measured on micrographs of H&E staining at about 500 ym away from the center of the optic nerve head. At least 5 eye
balls from 5 different animals in each age group of Tsc1-cKO and control were measured, and the results were averaged. Error bars
represented SE. *p < 0.05 by unpaired Students’ ¢-test between Tsc1-cKO and control group. Scale bar: 200 ym.

superoxide (Figures 6(a)-6(d)). Next, we compared the
amount of MDA in retinal extracts of 5-month-old TscI-
cKO, age-matched control, and 24-month-old C57BL/6
mice and found that the TscI-cKO retina had the highest
level of MDA (Figure 6(e)). The difference between Tscl-
cKO and controls was statistically significant (p =0.048,
unpaired Students’ -test). Collectively, the data demon-
strated that there was increased oxidative stress buildup in
Tsc1-cKO retina.

3.6. Tscl-cKO Retina Showed Gene Expression Features
Which Resembles Old-Aged Retina. To further explore the
overall characteristics of the TscI-cKO retina and changes
related to aging, we compared gene expression of 5-month-
old TscI-cKO, age-matched controls, and 24-month-old
C57BL/6 mouse retina using Agilent SurePrint G3 mouse gene
expression microarray. The all-sample average detection rate
was 76.9%. Using the cutoff of 2-fold change and p < 0.05 as
criteria to select for differentially expressed genes (DEGs), we
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FiGURg 4: Morphological changes of the Tsc1-cKO retina. (a-1) Immunofluorescent staining of retina from 3-month-old Tscl-cKO and
control mice using antibodies against PKCa for rod bipolar cells (a, b), calbindin for horizontal cells (c, d), calretinin for amacrine cells
(e, f), Brn3a for retinal ganglion cells (g, h), CRALBP (i, j), and GFAP (k, 1) for Miiller glia cells. White arrowheads and arrows in
(a) indicated aberrant axon endings and dendritic tips in bipolar cells, respectively. (m-p) Immunofluorescent staining of Iba-1 and
cone-arrestin of 7-month-old Tscl-cKO and control retina to show activated microglia cells (m, n) and dramatically reduced cone
photoreceptor cells (o, p). White arrows in (m) indicated Ibal-positive microglia cells in subretinal space. Scale bar: 100 ym.

found 2210 upregulated and 1580 downregulated genes in the
Tscl1-cKO retina compared to the age-matched controls.
Between 24-month-old C57BL/6 and the controls, we found
929 upregulated and 1249 downregulated genes (Figures 7(a)
and 7(b)). Some of the most up- and downregulated protein-
encoding genes in two groups were denoted. The reliability
of the microarray results was validated by real-time PCR
analysis of selective gene expression using RNA extracted
from different T'sc1-cKO, old-aged, and control mouse retina
(Figure 7(c)). The microarray analysis showed that Tscl
expression in TscI-cKO retina was 28.6% of control, which
was similar to the real-time PCR results. The DEG for old
vs. control and cKO vs. control were plotted against one

another in Figure 7(d). The number of DEGs between old-
aged and control mice was more than previous report using
20- and 3-month-old C57BL/6 [38], while most of the DEGs
reported in the previous study were also identified here. The dif-
terence was likely because the control we used here was Chx10-
Cre;TscI™* mice. Tt is also possible that more genes showed
altered expression between 20- and 24-month-old retinas.
GSEA analysis of DEGs in the TscI-cKO retina showed
statistically significant enrichment of aging, microglia
activity, immune system, chemokine activity, chemokine-
mediated signaling pathway, and lysosome in TscI-cKO
compared to control retina (Figure 8(a)). Next we identified
941 common DEGs between the TscI-cKO and old-aged
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staining of the 5-month-old Tsc1-cKO retina and age-matched control. Strong positive signals were found in GCL and INL (arrows in (c)) of
the Tsc1-cKO retina. No distinctive signal was found in photoreceptor cells. Scale bar: 100 ym.

groups (Figure 8(b)). The hierarchical clustering analysis of
all DEGs (5027 genes in total) was shown in Figure 8(c).
The top 5 most upregulated genes in TscI-cKO retina which
were also significantly upregulated in the old-aged group
compared to control were Gpx3 (71-fold in TscI-cKO; 5.4-
fold in old-aged), Ccl12 (56.8-fold in TscI-cKOj; 14.9-fold
in old-aged), Opticin (40.2-fold in Tsc1-cKO; 3.1-fold in old-
aged), Glycam1 (23.3-fold in TscI-cKO; 7.1-fold in old-aged),
and Lilrb4 (22.6-fold in Tsc1-cKO; 8.4-fold in old-aged). They
were involved in redox homeostasis and chemotactic
responses. Among the downregulated genes, Pttgl, which
encodes Securin, a protein which is involved in chromosome
stability, was most downregulated in both groups (-93.7-fold
in Tsc1-cKO; -48.5 fold in old-aged).

Gene Ontology (GO) analysis on the DEGs of the
Tsc1-cKO and old-aged groups also revealed significant
similarity. We used the FDR < 0.01 as cutoff threshold to
select for significant GO terms and found 49 and 12 terms
enriched in TscI-cKO and old-aged groups, respectively
(Supplementary Table S3). Among these terms, 10 were
in common. The enrichment scores of the 10 common
terms in each group were plotted in Figures 8(d) and
8(e). The GO terms and representative genes included
immune system process (GO:0002376; Ccl12, Agtrla, Cfb,
C3, Cd163, etc.), extracellular region (GO:0005576; Gpx3,
Optc, Defb9, Glycaml, Ltbp2, etc.), and calcium ion

binding (GO:0005509; Tnnt2, Adgrel, Mctpl, Tgm2, S100a6,
etc). A number of the GO terms which were found
significantly involved only in TscI-cKO mice were also
related to inflammation/immune responses (GO:0006954;
Tlr1, Oasll, Ccl4, Nlrc5, Cd55, etc.), chemotaxis (GO:0006935;
Pf4, Ccl5, Cxcll3, Ccl4, Ccl2, etc.), and extracellular matrix
(GO:0031012; Gpx6, Wifl, Scrgl, Colecl0, Crispl, etc.). In
addition, there were alterations in the regulation of cell
apoptosis (GO:0042981; Tnfsf10, Caspl, Bcl2alc, Bid, Caspl12,
etc.), oxidoreductase activity (GO:0016491; Frrsl, Ptgsl, Ncfl,
Hmoxl, Pyroxd2, etc.), and aging (GO:007568; Agtrla, Pttgl,
B2m, Apoe, Apod, etc.) in TscI-cKO mice. Collectively, the
data suggested that the activation of mTORCI signaling
caused disruption in retinal homeostasis.

3.7. Progressive Reduction of ERG Responses with Age in
TscI-cKO Mice. Retina aging contributes to the deterioration
of visual function [1]. To evaluate the function of TscI-cKO
mouse retina, we conducted full-field scotopic and photopic
ERG on TscI-cKO and control mice (Figures 9(a) and 9(b)).
At 1 month, there was no significant difference in scotopic
or photopic ERG responses between T'scI-cKO and controls.
At 2 months, the TscI1-cKO exhibited smaller b-wave ampli-
tude than the littermate controls at 1 and 1.3 log cdes/m>
under scotopic conditions, suggesting abnormal bipolar cell
activity. The reduction in b-wave amplitude progressed as



Oxidative Medicine and Cellular Longevity

800 -
600 - *
400 A

200 -

(=}
4

&
o
o
o
o
o
12
9]
—
=}
=
=
m
T
@)
o
>
E
o]
o~

[ Ctrl
O oid
W Tscl-cKO

(d)

11

MDA (nmol/mg)
S

O Ctrl
O old
[ Tsc1-cKO

(e)

FIGURE 6: Increased oxidative stress in Tscl-cKO retina. In vivo detection of ROS production via intraperitoneal injection of DHE revealed
that retina sections from 5-month-old Tscl1-cKO mice (c) and 24-month-old C57BL/6 (old) (b) produced more ROS than age-matched
control (Ctrl) mice (a). The staining was repeated on three different animals in each group. (d) The average DHE fluorescent signal
intensities in Tscl-cKO, old-aged, and control retina. The fluorescent intensity was quantified using Image]. The averaged signal
intensity of the control group was set as 100%. Error bar represented SE. (e) Quantification of MDA in the retina of Tscl-cKO, control,
and old C57BL/6 group. Three retina samples of each group were analyzed, and the results were averaged. Error bar represented SE.
Scale bar: 100 ym. *p < 0.05 by unpaired Students’ ¢-test between experimental group and controls.

the Tsc1-cKO became older. At the age of 5 months, differ-
ences between TscI-cKO and control were seen at lower
flash unit of luminance. In addition, the decrease of a-wave
amplitude in TscI-cKO became significant. To better isolate
the activities of photoreceptor cells in the ERG [39], we also
compared the amplitudes at 8 ms after the flash to exclude the
potential contribution from the inner retina cells and found
that the TscI-cKO had significantly reduced amplitudes than
controls (Supplementary Figure S3C). At the age of 7
months, the maximal a- and b-wave amplitudes of TscI-cKO
were about 36% (p=0.034) and 24.3% (p =0.009) of those
of the control mice, respectively. A similar decrease in the
amplitudes at 8 ms after the flash was also observed in the
Tsc1-cKO mice.

Consistent with the reduced scotopic responses, decreased
b-wave amplitude was also observed in TscI-cKO under phot-
opic conditions. As comparison, we also measured ERG
responses in 24-month-old C57BL/6 mice. The results showed
that the ERG responses of the 5-month-old TscI-cKO were
comparable to those of the 24-month-old C57BL/6 mice
(Figure 9(b)).

3.8. Rapamycin Treatment Largely Reverted the Abnormalities
Observed in Tsc1-cKO Retina. To verify that the abnormalities
observed in TscI-cKO retina were indeed due to mTORC1
activation, we used rapamycin to inhibit mTORCI signaling
in Tsc1-cKO mice. Intraperitoneal injection of rapamycin
effectively reduced the phosphorylation of mTOR, 4E-BP1,

and S6K in the retina of TscI-cKO mice (Figures 10(a) and
10(b)). When we treated young TscI1-cKO mice with rapamy-
cin before they developed significant morphological abnor-
malities, we found that rapamycin effectively prevented the
thickening of INL and IPL (data not shown). We then treated
3-month-old TscI-cKO mice (which already showed signifi-
cantly thicker INL and IPL than the age-matched controls)
with rapamycin and found that it effectively reversed the
thickened INL and IPL. At the end of the treatment, the INL
and IPL layers were significantly thinner than the PBS-
treated T'scI-cKO mice (Figures 10(c) and 10(d)). On the other
hand, rapamycin treatment had no significant effect on the
retinal thickness of control animal (Figure 10(c)). PKCa and
Vimentin staining revealed shortened bipolar and Miiller glia
in Tsc1-cKO retina after rapamycin treatment (Figure 10(e)),
suggesting that the thinning of the INL and IPL was most
likely due to the shortening of the secondary neurons. How-
ever, improper dendritic tip arborization of bipolar cells at
ONL remained (Figure 10(e), white arrows).

The rapamycin-treated TscI-cKO mice also showed less
Iba-1 positive cells than the PBS-treated retina (Figure 10(e)),
suggesting reduced microglial cell activation in TscI-cKO
retina after rapamycin treatment. We further compared the
RNA expression profile of the rapamycin-treated TscI-cKO
retina to that of control and 5-month-old TscI-cKO retina
without treatment. We used 4-month-old T'scI-cKO for rapa-
mycin treatment because the retina already showed signs of
old-aged animal. The results showed that the RNA expression
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FIGURE 7: Gene expression profiles of Tscl1-cKO and 24-month-old C57BL/6 mouse retina. (a—c) Volcano plot showed the fold change of
genes (log2 scale) and significance (logl0 scale) between Tscl-cKO and age-matched control mouse retina (a) and between 24-month-old
C57BL/6 (old) and control (b). The vertical dotted lines indicated the threshold of fold change (log2>1). The horizontal dotted line
indicated the threshold of the statistical significance (p < 0.05). The DEG for old vs. control and cKO vs. control were plotted against one
another in (c). (d) Validation of microarray results with real-time PCR analysis. Fold change was relative to control and calculated as
means * SE. Each PCR was performed using two different samples and in duplicates each time, and the fold change was averaged.

profile of the rapamycin-treated retina was similar to that of
controls and very different from that of the TscI-cKO
(Figure 10(f)). Furthermore, the expression of inflammation-
related genes was significantly reduced in rapamycin-treated
TscI-cKO retina compared to TscI-cKO without treatment

(Figure 10(g)).

However, the ERG responses of the rapamycin-treated
4-month-old TscI-cKO were slightly reduced than that of
the PBS-treated TscI-cKO mice, but the differences were
not statistically significant (Figure 10(h)). Interestingly,
rapamycin also caused small reduction of ERG responses
in control mice. We speculated that the lack of ERG
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F1Gure 8: The 5-month-old Tsc1-cKO retina showed gene expression profile characteristic of old-aged retina. (a) Gene set enrichment
analysis (GSEA) of DEGs between Tscl-cKO mice and control mice. Diagrams represented selected gene sets enriched in Tscl-cKO
retina. (b) The Venn diagram of overlap in DEGs between Tscl-cKO mice and control and old-aged C57BL/6 and control. (c)
Hierarchical clustering analysis of all DEGs from Tsc1-cKO mice and control and old-aged C57BL/6 and control. (d) Gene Ontology
(GO) analysis showing enrichment of the ten common GO terms in Tsc1-cKO (top) and 24-month-old (bottom).

improvement was associated with the remaining of aberrant
dendritic tip endings at the ONL of the rapamycin-treated
retina. In another study using the knockout of Pten to acti-
vate mTORCI signaling, the authors found that rapamycin
treatment could not reverse the aberrant migration of gran-
ule cells at dentate gyrus [40]. It is also possible that the toxic
effect of rapamycin as previously reported in rabbit eye was
responsible for the lack of rescuing effect here [41].

3.9. Inhibition of Microglial Cell Activity by Minocycline
Prevented Photoreceptor Cell Loss and Partially Restored
ERG Function in the Tsc1-cKO Mice. Activated microglial
cell is believed to stimulate retina aging [42]. Compared to
old-aged retina, the TscI-cKO retina showed a higher degree
of microglial cell activation as indicated by Iba-1 staining
(Figures 1(e) and 4(m)). To determine the role of activated
microglial cells in the development of the abnormalities
observed in TscI-cKO retina, we treated 4-months-old
TscI-cKO mice with minocycline for 4 weeks. The
minocycline-treated TscI-cKO retina showed less microglial
cell accumulation at the IPL and OPL than the PBS-treated
Tsc1-cKO retina, and the cells were also more ramified
(Figures 11(a) and 11(b)), indicating successful inhibition
of microglial cell activation. Furthermore, cone-arrestin
staining showed that the minocycline-treated TscI-cKO
retina had higher cone cell density than the PBS-treated
ones, suggesting that minocycline treatment prevented the
loss of photoreceptor cells in the TscI-cKO retina
(Figures 11(c) and 11(d)). ERG analysis showed that the
minocycline-treated TscI-cKO had significantly bigger a-
wave and b-wave amplitudes than the PBS-treated Tsc1-cKO
under scotopic conditions (Figure 11(e)). Measurement of
responses at 8 ms after the flash also revealed a bigger ampli-
tude in minocycline-treated TscI-cKO mice.

Next we compared the expression of selective oxidative
stress- and inflammation-related genes in minocycline and
PBS-treated Tsc1-cKO retina to control retina and found
that the oxidative stress-associated genes such as HomxI
and Pyroxd2 and inflammation-related genes such as Aifl,
C4b, Ccl2, Ccl5, and I113 were significantly downregulated
in the minocycline-treated group (Figure 11(f)). Collectively,
these results suggested that the activation of microglial cells
was at least partially responsible for the functional loss of
Tsc1-cKO retina.

4. Discussion

This study investigated the role of mTORCI signaling in
retina aging in old-aged C57BL/6 and TscI-cKO mice. We
showed that mTORCI signaling was upregulated in natu-
rally aged C57BL/6 retina, and the upregulation of mTORC1
signaling in Chx10-expression retinal cells accelerated the
aging process and caused retinal degeneration. This was
evidenced by selective cell senescence, accumulation of
oxidative stress, activation of microglial cells, a gene expres-
sion profile which bears signatory features of aging retina,
and profound decline in retinal function.

We found that mTORCI activation was most noticeable
in ganglion cells of naturally aged retina and mTORCI acti-
vation accelerated ganglion cell aging. The results were con-
sistent with previous study which showed prominent
expression of typical senescence-related proteins in ganglion
cells, less in cells of the INL, such as amacrine, and Miiller
glial cells and limited in rod photoreceptor cells [4]. Single-
cell RNA sequencing of primate retina also showed that
RGC cells had most DEGs between old-aged and young ani-
mals [43]. Other studies have shown that the activation of
mTORCI was required for axonal regrowth after ganglion
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F1GURE 9: ERG responses of Tscl-cKO, age-matched control, and 24-month-old C57BL/6 mice. (a) Representative full-field scotopic and
photopic ERG responses of the Tsc1-cKO and control mice at 1, 2, 5, and 7 months of age. Rapid decrease of both scotopic and photopic
responses was observed in the Tscl-cKO mice. (b) Average a- and b-wave amplitudes at different units of luminance in Tscl-cKO and
control mice by age. The age of each group was indicated at the left side. The responses of 24-month-old C57BL/6 (old) were compared to
that of the 5-month-old Tsc1-cKO and control. At least 6 mice in each age group of each genotype were tested. The error bars represented

the SE. *p < 0.05 by unpaired Students’ t-test between Tsc1-cKO and control.

cell trauma [9, 13]. In fact, the optic nerve fiber of the
Chx10-cre mice was also thicker than that of the controls
(data not shown). Collectively, these results demonstrated
an important role of mTORCI signaling in ganglion cell
homeostasis and aging.

Our study also suggested that mTORCI activation is
involved in age-related changes of bipolar cells. In 24-
month-old C57BL/6 mouse retina, we found that the den-
dritic tips of the PKCa-positive rod bipolar cells extended
to the ONL, a phenomenon which was also reported in an
earlier study [31]. This phenomenon was replicated in
TscI1-cKO retina with significant cell hypertrophy. Abnor-
mal extention of the bipolar cell dendritic tips to the ONL
was found when there were photoreceptor cell contraction
or defective synpatic protein synthesis [44-47]. In these cir-
cumstances, the extension of bipolar cell processes was likely
an adaptive response to restore visual signal transduction.
However, this is not likely the case in Tsc1-cKO retina, since

photoreceptor cells were not the primary affected cells and
the thinning of ONL layer occurred at a much later stage.
Therefore, it is tentative to propose that activation of
mTORCI1 stimulated the growth of bipolar cell processes
which resulted in abnormal positioning of the dendritic end-
ings and contributed to defective visual-signal transduction.

Despite the expression of Chx10 in significant number of
Miiller glial cells, we observed very faint p-S6 staining in
Miiller glial cells of the Tscl-cKO retina. The result sug-
gested limited mTORCI activation and was consistent with
a previous report which showed that mouse Miiller glia pre-
dominantly express mTORC2 [12]. However, Miiller glial
cell hypertrophy and activation was evident in Tsc1-cKO ret-
ina starting at 6 weeks of age, at the same time when bipolar
cells start showing hypertrophy. At the present time, we
were not able to tell if Miller gliosis were the direct conse-
quence of altered mTORCI signaling or the response to
the hypertrophy of bipolar and other intermediate neurons.
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FIGURE 10: The effect of rapamycin on Tscl-cKO retina. (a) Representative Western blot analysis of total and phosphorylated form of
mTOR, 4E-BP1, and p70S6K in total retinal extracts of Tscl-cKO and control mice after rapamycin (Rapa) or PBS treatment for 1
month. Rapamycin treatment successfully downregulated mTORCI signaling in the Tscl-cKO retina. (b) Relative quantification of
protein expression. The density of the bands was normalized as described above. *p < 0.05 by unpaired Students’ ¢-test between Tscl-
cKO and control group. The experiments were repeated three times with one pair of samples at each time. (c) Representative H&E
staining of 3-month-old Tsc1-cKO and control mouse retina after rapamycin- or PBS-treatment. (d) The average thickness of INL, IPL,
and ONL of Tscl-cKO mice after rapamycin or PBS treatment. The thickness was measured as described in Figure 3. Data represented
the average reading from 4 animals in each group. Error bars represented SE. *p < 0.05 by unpaired Students’ t-test between PBS and
rapamycin-treated group. Scale bar: 200 ym. (e) Immunofluorescent staining of PKCa (top panel), Vimentin (middle panel), and Iba-1
(bottom panel) on Tscl-cKO retina after rapamycin (right column) or PBS (left column) treatment. (f) Hierarchical clustering analysis
of gene expression profiles of control, Tscl1-cKO, and rapamycin-treated Tscl-cKO retina. (g) Expression of representative genes in
rapamycin-treated and untreated Tscl-cKO retina. Fold change was relative to control and calculated as means + SE. (h) Representative
full field ERG responses of Tscl-cKO mice after PBS or rapamycin treatment. The a-wave and b-wave amplitudes in response to
increasing flash intensity were presented at the lower part of the panel. The data represented the averaged readings from 4 animals in
each group. Error bars represented SE. Unpaired Students’ t-test was performed to compare the differences between PBS- and
rapamycin-treated animals at each light intensity; no significant differences were found.

In zebrafish and chicken eyes, mTOR activation pro-  found by single cell transcriptomic analysis [50]. How-
moted the dedifferentiation of Miiller glial cells and the  ever, no significant changes of Miiller glia function in
formation of Miller glia-derived progenitor cells and  old-aged retina were reported. Therefore, the role of
subsequent retina regeneration [48, 49]. In human retina ~ mTORCI signaling in Miiller glia aging remains to be
of old age, heterogeneous groups of glial cells were  explored.
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FiGURE 11: The effect of minocycline on Tsc1-cKO mouse retina. (a, b) Retina sections of Tsc1-cKO retina with or without minocycline
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suggesting that the inhibition of microglial cells prevented photoreceptor cell loss. The staining was performed on 6 retina from 6
different animals, 3 in each group. (e) ERG responses of Tsc1-cKO mice with or without minocycline treatment. Three animals in each
group were subjected to ERG analysis, and the a-wave, b-wave, and responses at 8 ms after the flash were averaged. Error bars
represented SE. * marked significant differences of p <0.05 by unpaired Students’ ¢-test at the indicated luminance. (f) Real-time PCR
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unpaired Students’ t-test between minocycline- and PBS-treated groups.
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One of the most interesting findings of this study was the
contribution of microglial cells in retinal aging and degener-
ation. Microglial cells play important roles in developmental,
physiological, and pathophysiological processes of retina
[51]. A previous study showed that the activation of micro-
glial cells and the severity of inflammation attributed to the
susceptibility of retinal degeneration in different mouse
strains [52]. It was speculated that the activated microglial
cells participated in the aging of retina [42, 53]. Microglial
cell activation in TscI-cKO retina followed bipolar and
Miiller glial cell hypertrophy. In response to Tscl ablation-
induced mTORCI1 activation, the microglia cells of the
Tsc1-cKO retina showed more profound activation than
the naturally aged retina, which correlated with more intense
oxidative stress buildup and upregulation of a broad range of
redox- and inflammation-related genes. Inhibition of micro-
glial cells by minocycline in the TscI-cKO mice prevented
the decrease of ERG responses and photoreceptor cell loss.
The role of microglia cell in accelerating the retinal aging
and degeneration represented a noncell autonomous effect
of mTORCI activation in neuronal retinal cells.

Finally, our study complemented a previous study which
also used TscI1-cKO mice and showed that mTORCI activa-
tion accelerated retinal development by shorten the cell cycle
time of the affected retinal progenitor cells [10]. Our results
suggested that in adult Tsc1-cKO mice, mTORCI activation
accelerated senescence of the postmitotic, fully differentiated
neuroretinal cells and ultimately led to retinal degeneration.

5. Conclusions

In summary, our study showed that mTORCI activation
participated in retinal aging via both cell autonomous (as
in retinal ganglion cells) and nonautonomous mechanisms
(largely by activated microglia cells). Our study further
highlighted the role of microglia cells in driving the func-
tional decline of the retina. Finally, we showed that the
TscI1-cKO mice represented an animal model of retinal
degeneration and aging.
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Alzheimer’s disease (AD) is the most common neurodegenerative disease nowadays that causes memory impairments. It is
characterized by extracellular aggregates of amyloid-beta (Af), intracellular aggregates of hyperphosphorylated Tau (p-Tau),
and other pathological features. Trilobatin (TLB), a natural flavonoid compound isolated from Lithocarpuspolystachyus Rehd.,
has emerged as a neuroprotective agent. However, the effects and mechanisms of TLB on Alzheimer’s disease (AD) remain
unclear. In this research, different doses of TLB were orally introduced to 3xFAD AD model mice. The pathology, memory
performance, and Toll-like receptor 4- (TLR4-) dependent inflammatory pathway protein level were assessed. Here, we show
that TLB oral treatment protected 3xFAD AD model mice against the Af burden, neuroinflammation, Tau
hyperphosphorylation, synaptic degeneration, hippocampal neuronal loss, and memory impairment. The TLR4, a pattern
recognition immune receptor, has been implicated in neurodegenerative disease-related neuroinflammation. We found that TLB
suppressed glial activation by inhibiting the TLR4-MYD88-NF«xB pathway, which leads to the inflammatory factor TNF-«, IL-
1B, and IL-6 reduction. Our study shows that TLR4 might be a key target of TLB in AD treatment and suggests a multifaceted
target of TLB in halting AD. Taken together, our findings suggest a potential therapeutic effect of TLB in AD treatment.

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegen-
erative disease in the elderly [1]. The AD patient number
will reach 100 million worldwide by 2050, which creates an
enormous burden on societies and families [2]. Evidence
shows that amyloid- 8 (A3), oxidative stress, synaptic degen-
eration, and neuroinflammation play central roles in AD
progression [3, 4]. However, drugs that target A deposition
or Tau phosphorylation would not efficiently halt AD

progression in recent years [5, 6]. Besides synthetic drugs,
many traditional Chinese medicines and natural products
are found available for AD management [7-12]. These
research studies shed new light on the discovery of natural
products to alleviate AD pathologies.

Recently, there has been increasing evidence showing
that the immune system function alters in AD cases [13].
In AD patients, chronic neuroinflammation is remarkable
and leads to immune system dysfunction [14]. Toll-like
receptors (TLRs) are a class of highly conserved receptors
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that modulate innate immune responses [15]. Among the 13
TLRs in mammals, the Toll-like receptor 4 (TLR4) has been
well studied in neurodegenerative disease. TLR4 can activate
downstream signals through MYD88 and non-MYD88
pathways [16]. The nuclear factor kappa B (NFxB) pro-
moter, which transcribes inflammatory factors including
TNF-a, interleukin 13 (IL-18), and interleukin 6 (IL-6), is
the downstream protein of TLR4 [17]. In the central nervous
system, TLR4 is mainly expressed in glial cells with very low-
level expression in neurons [18]. TLR4 is seen upregulated in
the brains of AD patients and AD model mice [19]. The
toxic Af3 leads to glial activation and enhances the phagocy-
tosis function of glial cells through TLR4 [20]. Given that the
TLR4 alters in AD progression, targeting TLR4 is a promis-
ing direction in halting AD. It has been demonstrated that
suppressing TLR4 shows a protective effect in AD pathology
through an anti-inflammatory mechanism [21, 22].

Trilobatin (TLB), isolated from Lithocarpuspolystachyus
Rehd., has been shown to alleviate neuroinflammation and
oxidative stress in an ischemia/reperfusion brain injury
mouse model [23]. In this model, TLB exerts neuroprotec-
tive effects through the Nrf2/Kelch-like ECH-associated pro-
tein 1 (Keap-1) signaling pathway. A recent study shows that
TLB can delay aging through an antioxidative mechanism in
Caenorhabditis elegans [24]. Moreover, TLB was found to
modulate TLR4 function in the ischemia/reperfusion brain
injury mouse model [23]. Thus, we hypothesize that TLB
can alleviate AD-related neuroinflammation through the
TLR4 pathway and attenuate AD pathology. To address this
hypothesis, we treated 3xFAD AD model mice with TLB
and evaluated the effects of TLB on AD-related pathology
and memory function. We found that TLB attenuated mem-
ory deficits, alleviated Tau and Af pathology, modulated
spine plasticity, protected neuronal loss, and inhibited gliosis
in the 3xFAD AD mouse model. We think that TLB might
alleviate glial activation through the TLR4 pathway. Our
results uncovered a natural compound TLB that might halt
AD progression through multiple pathways. It might
provide a potential therapeutic approach involving TLR4
inhibition in AD treatment.

2. Materials and Methods

2.1. Animals. C57BL/6] mice (male, 18~26 g, 6~8 weeks old)
were purchased from the Laboratory Animal Center of
Guizhou Medical University (Guizhou, China). 3xFAD trans-
genic AD mice (APP Swedish, MAPT P301L, and PSEN1
M146V) were purchased from Beijing iBio Logistics Co.,
Ltd. (Beijing, China). Mice were kept under a 12 h light-dark
cycle with full access to food and water. All procedures involv-
ing animals were preapproved by the Institutional Animal
Care and Use Committee of Guizhou Medical University.

2.2. Drug Treatment and Experimental Groups. Four-month-
old wild-type (WT) mice and 3xFAD transgenic AD mice
were used for all experiments. TLB was dissolved in saline
for gavage. The 10 mg/kg or 20 mg/kg dose of TLB (10 mg/kg
and 20 mg/kg) was given as reported in earlier studies [23].
Mice were divided into five groups:
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WT: saline was administered by gavage in place of TLB
solution.

WT+TLB,;;: WT mice were treated with TLB (high dose)
by gavage at a dose of 20 mg/kg once a day for 12 weeks.

3XFAD: the 3xFAD transgenic AD mice were treated
with saline by gavage in place of TLB.

3XFAD+TLB,: the 3xFAD transgenic AD mice were
treated with TLB (low dose) by gavage at a dose of 10 mg/kg
once a day for 12 weeks.

3xFAD+TLBy;: the 3xFAD transgenic AD mice were
treated with TLB (high dose) by gavage at a dose of 20 mg/kg
once a day for 12 weeks.

After 12 weeks of TLB gavage, the mice were humanely
killed with an overdose of sodium pentobarbital (80 mg/kg,
i.p.). Then, samples were perfused with 0.9% saline transcar-
dially for 5min. Mouse brains were removed. One hemi-
sphere of each brain was used for biochemical analysis,
and the other hemisphere was fixed in 4% paraformaldehyde
for morphological analysis.

2.3. Morris Water Maze (MWM) Test. The effect of TLB on
the memory performance of mice was analyzed by the
MWM test [25]. The maze (110 cm in diameter) was filled
with ~20°C opacified water. Before the test, mice were
trained to habituate the maze. During training, the mice
were allowed to swim for 60s to find the platform (10cm
in side length) in the second quadrant. The platform was
set 1 cm beneath the water surface. The mice were reset at
the platform when they failed to find the platform in 60s.
The mice were trained twice a day with a 30 min interval
between training sessions. The platform was removed one
day after the training. The mice were left in the fourth quad-
rant and allowed to swim. The swimming trials were
recorded using a camera set above the maze. The time spent
in the target quadrant (second quadrant) and times of cross-
ing the platform were analyzed as an indicator of memory
performance. The test of each mouse was repeated 3 times,
and the average time of these three trials was recorded.

2.4. Congo Red Staining. Congo red staining was conducted
using a Congo red amyloid stain kit (G1532, Solarbio Life
Science, Beijing, China). Paraffin-embedded brains were
sectioned using a microtome (RM2235, Leica, Germany),
immersed in Congo red solution for 25min, and then
washed with 0.1 M PBS. After being stained with hematoxy-
lin for 30 sec, the sections were dehydrated in gradient alco-
hol. Pictures were acquired using a microscope (CX23,
Olympus, Japan). Six mice per group were included in the
experiment. Three separate serial sections per mouse were
processed for Congo red staining analysis.

2.5. Immunohistochemical (IHC) Staining. Brain tissues were
sectioned using a microtome (RM2235, Leica, Germany).
After antigen recovery using sodium citrate, the sections
were incubated with primary antibodies mouse anti-GFAP
(3670s, 1:200, Cell Signaling Technology, USA), Af
(ab201060, 1:200, Abcam, USA), phosphor-Tau (ab32057,
1:150, Abcam, USA), and rabbit anti-NeuN (ab128886,
1:200, Abcam, USA). The sections were developed with
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3,3'-diaminobenzidine (DAB) kits (Cat#CW2069, CWBio,
China) according to the manufacturer’s protocol. Images
were obtained using a microscope (CX23, Olympus, Japan).
Six mice per group were included in the experiment. Three
separate serial sections per mouse were processed for immu-
nostaining analysis.

For immunofluorescence labeling, frozen sections
(25um) were cut using a freezing microtome (CM1950,
Leica, Wetzlar, Germany). After blocking with 5% BSA con-
taining 0.5% Triton X-100 for 40 min, the floating sections
were incubated with primary antibodies A (ab201060,
1:200, Abcam, USA) and Ibal (ab178846, 1:200, Abcam,
USA). After being rinsed in water, the sections were incu-
bated in the secondary antibody Alexa Fluor 488 (A-21206,
Thermo Fisher Scientific, MA, USA). Nuclei were labeled
using DAPI (H-1020, Vector Labs, CA, USA). Images were
acquired using a confocal microscope (LSM 900, Carl Zeiss,
Germany). Six mice per group were included in the experi-
ment. Three separate serial sections per mouse were proc-
essed for immunostaining analysis.

2.6. Nissl Staining. The Nissl staining was conducted using a
Nissl staining kit (G1434, Solarbio Life Science, Beijing,
China) according to the manufacturer’s protocol. Paraffin-
embedded brain tissues were sectioned using a microtome
(RM2235, Leica, Germany). Then, the sections were
dewaxed and rehydrated before being immersed into meth-
ylene blue stain solution for 10 min. After being immersed
into the Nissl differentiation solution for 3 sec, the sections
were rinsed in water. At last, the sections were dehydrated
in pure alcohol. Pictures were acquired using a microscope
(CX23, Olympus, Japan). Six mice per group were included
in the experiment. Three separate serial sections per mouse
were processed for Nissl staining analysis.

2.7. Western Blot. Hippocampal tissue was homogenized in
the protein extraction buffer containing protease and phos-
phatase inhibitors. After centrifugation, the protein superna-
tant was collected. Protein concentration was measured with
a Protein Quantitative Analysis Kit (Biocolors, Shanghai,
China). The supernatant was then mixed with the loading
buffer and boiled at 99°C for 10 min. The samples were sep-
arated by SDS-PAGE and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). The membranes were
blocked in 5% nonfat milk at room temperature for 1h, then
incubated overnight at 4°C with the following primary anti-
bodies: A (ab217153, 1:1000, Abcam, USA), BACEI
(ab108394, 1:1000, Abcam, USA), sAPPS (ab32136,
1:1000, Abcam, USA), p-GSK3p Y216 (ab68476, 1:1000,
Abcam, USA), GSK3f (ab93926, 1:1000, Abcam, USA), p-
Ser396 Tau (9632S, 1:1000, Cell Signaling Technology,
USA), p-Ser202 Tau (393578, 1:1000, Cell Signaling Tech-
nology, USA), Tau (ab80579, 1:1000, Abcam, USA),
PSD95 (ab2723, 1:1000, Abcam, USA), SNAP25
(ab109105, 1:1000, Abcam, USA), Synl (ab254349,
1:1000, Abcam, USA), SYP (ab32127, 1:1000, Abcam,
USA), VAMP1 (ab151712, 1:1000, Abcam, USA), TLR4
(ab13556, 1:1000, Abcam, USA), MYDS88 (ab219413,
1:1000, Abcam, USA), TRAF6 (ab33915, 1:1000, Abcam,

USA), p-NFxB (ab76302, 1:1000, Abcam, USA), NFxB
(ab32536, 1:1000, Abcam, USA), TNF-a (ab66579,
1:1000, Abcam, USA), IL-1f (ab200478, 1:1000, Abcam,
USA), IL-6 (ab208113, 1:1000, Abcam, USA), and S-actin
(ab8226, 1:1000, Abcam, USA). After incubating with the
secondary antibody at room temperature for 1h, the
membranes were interacted with electrochemilumines-
cence reagents (Bio-Rad, Hercules, CA, USA) to visualize
the immunoblot signals. Image] software was used to
measure band densities, and protein expression levels were
normalized to B-actin intensity.

2.8. Dendritic Spine Analysis. Brain tissues were fixed in 4%
PFA for 4 hrs. Sections of 250 ym were made using a vibra-
tome (VT1200S, Leica, Germany) and were mounted on
glass slides. Lucifer yellow fluorescent dye (4% in lithium
chloride, 1453, Thermo Fisher Scientific) was loaded into a
pipette and injected into the neurons in the hippocampal
area. Briefly, the dye was injected into a neuron with a
~2nA current for 20 min until the whole dendritic branches
were visualized under a fluorescent microscope. The 3D z
-stack dendritic spine images were obtained using a confocal
microscope (LSM 880, Carl Zeiss, Germany). The number of
dendritic spines was analyzed using Imaris software (Oxford
instruments). Six mice per group were included in the exper-
iment. Three separate serial sections per mouse were proc-
essed for dendritic spine analysis.

2.9. Statistical Analysis. Results were collected from three
independent experiments. The data were presented as
mean + SD and were analyzed using SPSS 25.0 (IBM Corpo-
ration, Armonk, NY, USA) and GraphPad Prism 7.0
(GraphPad Software, Inc., CA, USA). The differences were
assessed by one-way analysis of variance. p<0.05 was
defined as statistically significant.

3. Results

3.1. TLB Ameliorated Cognitive Deficits in 3xFAD Mice. The
MWM test was conducted to determine whether the cogni-
tive impairments of 3xFAD AD mice were rescued by
TLB. The MWM test showed that the escape latency was
progressively decreased from day 1 to day 5 (Figure 1(d)).
However, the 3xFAD mice showed an elevated escape
latency compared to WT mice on day 5. In contrast,
3xFAD AD mice treated with a low level of TLB (10 mg/kg)
showed a decreased escape latency compared to 3xFAD
mice (Figure 1(e)). Moreover, the 3xFAD mice treated with
a high dose of TLB (20 mg/kg) showed a significantly lower
escape latency compared to 3xFAD mice treated with a
low dose of TLB (Figure 1(e)). It is noteworthy that the
escape latency in 3xFAD mice treated with a high dose of
TLB has no differences compared to that in WT mice.
Furthermore, we compared the time spent in the target
quadrant from each mouse group. The 3xFAD mice showed
a shorter time in the target quadrant than WT mice. And the
3xFAD mice treated with low-dose TLB showed a longer
swimming time in the target quadrant compared to
3xFAD mice. The 3xFAD mice treated with high-dose
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F1GURE 2: TLB alleviated Af deposition in 3XxFAD mice. (a) Congo red staining and A IHC staining in the hippocampal area and cortex.
(b) Comparison of Congo red staining analysis in the hippocampal area. (c) Comparison of AfB-positive plaque in the cortex. (d) Af plaque
load in the hippocampal CAl area. (e-i) Western blot and quantitative analysis of A3, BACEL, sAPPf, p-GSK3, and GSK3p in
hippocampal tissues. # = 6 per group. “p < 0.05; **p <0.01; ***p <0.001.

TLB showed a longer swimming time in the target quadrant
compared to low-dose TLB-treated mice (Figure 1(f)).

3.2. TLB Alleviated Af3 Deposition in 3xFAD Mice. To inves-
tigate the effect of TLB on A deposition, the Congo red
staining and Af IHC staining were performed. Both
revealed that the Af plaque load is significantly increased
in 3xFAD AD mice. Compared to the 3xFAD mice, the
mice treated with a low dose of TLB showed a significant
decrease of the Af3 plaque load in the cortex and hippocam-
pus. Furthermore, a high dose of TLB showed a remarkable
Ap load alleviation effect than a low dose of TLB in 3xFAD

mice (Figures 2(a)-2(d)). Next, we examined the effect of
TLB on amyloidogenic processing in 3xFAD mice. We
found that the BACE1 and sAPPf protein levels were
increased in 3xFAD mice compared to WT mice. And both
a low dose and a high dose of TLB decreased the BACE1 and
sAPPS levels in 3xFAD mice. Furthermore, TLB reversed
the phosphorylation of GSK3f levels in 3xFAD mice
(Figures 2(e)-2(i)).

3.3. TLB Inhibited Tau Phosphorylation in the AD Mouse
Model. The Tau pathology was assessed in the 3xFAD AD
mouse model. Tau IHC staining showed that p-Ser396 Tau
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F1GURE 3: TLB inhibited Tau phosphorylation in the AD mouse model. (a) Representative images of p-Ser396 Tau IHC staining. (b) Relative
intensity of p-Ser396 Tau in hippocampal subregions. (c-f) Western blot and quantification for phosphorylated Tau at Ser396 and Ser202
sites and total Tau in the hippocampus. n =6 per group. *p < 0.05; **p < 0.01; ***p < 0.001.

pathology was remarkable in 3xFAD mice. The intensity of
p-Ser396 Tau was significantly lower in hippocampal subre-
gions of low-dose TLB-treated AD model mice than in those
of WT mice. And a high dose of TLB showed a much stron-
ger Tau pathology alleviation effect than a low dose of TLB
(Figures 3(a) and 3(b)). Western blots further revealed that
Tau phosphorylation at Ser396 and Ser202 sites was remark-
ably decreased in 3xFAD+TLB; and 3xFAD+TLBy mice
compared to 3XxFAD mice (Figures 3(c)-3(f)).

3.4. TLB Reduced Neuronal Loss and Synaptic Degeneration
in 3xFAD Mice. In order to assess whether oral administra-
tion of TLB affects the neuronal number in 3xFAD mice, we
performed neuronal marker NeuN IHC staining and Nissl
staining in the cortex and hippocampus. We found a
remarkable reduction of the NeuN-positive cell number in
the cortex and hippocampus of 3xFAD mice compared to
WT mice. Consistently, Nissl staining showed that the
Nissl-positive cell number was suppressed in 3xFAD mice
compared to WT mice. In contrast, treatment with low
and high doses of TLB clearly increased the NeuN- and
Nissl-positive cell number in the AD mouse model. Note
that the neuronal number in the 3xFAD+TLB; group was
higher than that in the 3xFAD+TLB; group (Figure 4).

To further test the effect of TLB on synaptic density, we
conducted spine morphology analysis. The total spine
number and mushroom spine number were suppressed in
3xFAD AD model mice compared to WT mice. However,
low and high doses of TLB oral treatment reduced the total
and mushroom spine density loss in hippocampal areas of
AD model mice (Figures 5(a)-5(c)). Western blot further
revealed that the synapse-associated protein including
PSD95, SNAP25, Synl, SYP, and VAMP1 expression was

suppressed in 3XFAD AD model mice. In contrast, low and
high doses of TLB treatment reversed the synapse-associated
protein loss in 3xFAD AD model mice (Figures 5(d)-5(i)).

3.5. TLB Alleviated Glial Activation in AD Model Mice. In
order to test the effect of TLB on glial activation, hippocam-
pal sections were immunostained with antibodies including
astrocyte marker GFAP and microglial marker Ibal. A sig-
nificant increase of the GFAP- and Ibal-positive cell number
was detected in the 3XxFAD mouse brains compared with WT
mice. And a remarkable reduction of the GFAP- and Ibal-
positive cell number was detected in the hippocampal CA1 area
of the 3xFAD mice compared with the vehicle-treated mice.
Furthermore, a significant difference of the GFAP- and Ibal-
positive cell number was noticed between the low- and high-
dose TLB-treated 3xFAD AD mice (Figure 6).

3.6. TLB Ameliorated Neuroinflammation through Reducing
TLR4 in AD Model Mice. To further study the potential mech-
anism underlying the effect of TLB on AD pathology-related
neuroinflammation, we tested the TLR4 signaling pathway
proteins. We found that TLR4, MYDS88, TRAF6, p-
NF«B/NF«B, TNF-«, IL-1f, and IL-6 were elevated in
3xFAD mice compared to WT mice. And TLB treatment
induced a reduction of TLR4, MYD88, TRAF6, p-NF«xB/NF«B,
TNEF-a, IL-1p, and IL-6 levels compared to the vehicle-treated
3xFAD mice. Furthermore, a significant difference was
observed between the low and high-dose TLB-treated mice.

4. Discussion

In the present study, we identified that TLB might alleviate
A deposition, Tau pathology, synaptic degeneration, glial
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activation, and memory impairment in the AD mouse  and memory impairment in 3xFAD mice, indicating a
model. And the TLR4-MYD88-NK«B pathway might be  promising drug candidate for halting AD progression.

involved in the anti-neuroinflammatory effect in the process. In a recent study, Chen et al. [26] showed that TLB
We show for the first time that TLB reverses AD pathology ~ protects HT22 cell death induced by Af,; ;5 through the
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*p<0.05 **p<0.01; ***p <0.001.

ROS/p38/caspase 3 pathway. However, the study has not
shown the effect of TLB in the AD in vivo model. In the
present study, we showed that TLB has reversed the memory
impairment phenotype in the 3xFAD AD mouse model
using the MWM test. Notably, the high dose of TLB
improved the memory function of 3xFAD mice to the level
of WT mice (Figures 1(c)-1(f)).

Since AD is a neurodegenerative disease characterized by
A deposition and p-Tau aggregation, we therefore tested
the effect of TLB on Af3 and p-Tau pathology. Specifically,
we applied Congo red and A IHC staining in hippocampal
and cortical regions. We found that TLB dramatically
reduced the AP burden (Figures 2(a)-2(d)). More impor-

tantly, we observed that TLB inhibited the expression of
BACEI and sAPPJ, suggesting that TLB can break the loop
of the BACEl-mediated amyloidogenesis. And TLB also
suppressed the hyperphosphorylation of GSK3, which acts
as a Tau kinase (Figures 2(e)-2(i)). As we know, GSK3p
modulates BACE1 expression, and Af3 can drive the BACE1
level to increase. Thus, it is likely that the reduced amyloid
deposition by TLB might be through breaking the vicious
cycle of the AS burden, AfB-induced GSK3f activation,
and GSK3p-induced BACE1 expression. Moreover, TLB
inhibited the Tau hyperphosphorylation at Ser396 and
Ser202 sites, as evidenced by western blot and IHC staining
(Figures 3). TLB may also suppress the activation of GSK3p,
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FI1GURE 6: TLB alleviated glial activation in AD model mice. (a) Representative images of GFAP and Ibal staining in the hippocampal area.
(b) Quantification of GFAP staining in each group. (c) Quantification of Ibal staining in each group. n = 6 per group. *p < 0.05; **p < 0.01;

***p < 0.001.

which is characterized by GSK3f hyperphosphorylation.
This finding suggests that TLB ameliorates Tau hyperpho-
sphorylation by inhibiting GSK3f activation.

The neuronal loss in the hippocampal region accounts
for memory deficits in AD [27]. We examined the effect of
TLB on neuronal density in the hippocampus and cortex.
We found that a low dose and high dose of TLB treatment
rescued the neuronal loss in 3xFAD AD mice, as examined
by NeuN IHC and Nissl staining methods (Figure 4). This
neuroprotective effect of TLB is consistent with the finding
in an earlier study of oxygen deprivation and reoxygenation
on primary cortical neurons [23].

Given that synaptic degeneration is also involved in the
process of AD-related memory impairment [28], we then
tested the effect of TLB on synaptic pathological plasticity.
Spine density analysis unexpectedly revealed synaptic
pathology in the 3xFAD AD mouse hippocampal area
(Figures 5(a)-5(c)). Our finding of rescued total spine
density and mushroom spine density in TLB-treated
3xFAD mice showed a synaptic protective effect of TLB.
Additionally, western blot analysis revealed that the loss of
synaptic proteins in 3xFAD mice was attenuated by orally
treated TLB (Figures 5(d)-5(i)). It is likely that the memory
improvement by TLB was due to the spine density increase
and synaptic protein upregulation. In line with this, preserv-
ing dendritic spine density leads to cognitive improvement

and memory loss attenuation in the 5XxFAD AD mouse
model [29].

Extracellular Af deposition and intracellular p-Tau
aggregation might trigger reactive gliosis which leads to
inflammatory factors [30]. And reactive gliosis has been
proved to drive the pathogenic cascades of AD [31]. Previ-
ous studies of anti-inflammatory strategies showed improve-
ments in neurodegenerative disease models [32]. Thus, we
applied GFAP and Ibal immunostaining analysis to observe
the number of astrocytes and microglia. Increased astrocyto-
sis and microgliosis were observed in 3xFAD mouse brains,
whereas reduced gliosis was observed in the TLB-treated AD
model brain samples, suggesting a strong anti-inflammatory
effect of TLB (Figure 6). The data from Gao et al. [23] are
consistent with ours in that TLB exerts an inactivation effect
on glial cells. Studies have shown that, in AD, glial cells’
phagocytosis function is impaired, which leads to the toxic
A burden [33]. Thus, we reckoned that the glial phagocyto-
sis function is enhanced after TLB treatment, and the A
burden is reduced finally.

Although we found that TLB can inhibit reactive gliosis
in AD mouse brains, the molecular mechanisms responsible
for this inhibition remained unknown. Earlier studies
revealed that the anti-inflammatory effect of TLB correlates
with inhibiting NF«xB phosphorylation in vivo and in vitro
[34]. Based on this notion, we detected the TLR4-MYDS88-
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Ficure 7: TLB ameliorated neuroinflammation through reducing TLR4 in AD model mice. (a) Representative western blots of TLR4,
MYD88, TRAF6, p-NF«B, and NF«B. (b) Representative western blots of TNF-a, IL-1f, and IL-6. (c-f) Quantification of TLR4, MYDSS8,
TRAF6, and p-NFxB/NF«B levels in each group. (g-i) Quantification of TNF-a, IL-13, and IL-6 levels in each group. n=6 per

group. “p <0.05; **p <0.01; ***p <0.001.

NF«xB pathway proteins. As expected, we found that, in
3xFAD mouse brains, TLR4-MYD88 pathway proteins were
overexpressed, accompanied by NF«xB hyperphosphoryla-

tion. TLB reversed the changes in this AD mouse model,
suggesting that the anti-inflammatory effect might be
TLR4-MYD88-NFxB  pathway-dependent (Figure 7).
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Moreover, we demonstrated that TLB reduces the inflamma-
tory factors which are regulated by NF«B phosphorylation.
In line with this, studies have found that the loss of function
or inhibition of TLR4 suppresses AD progression in the
mouse model [35, 36]. Moreover, previous studies showed
that inhibiting the TLR4 pathway alleviated motor impair-
ment and dopaminergic neuron death in the Parkinson’s
disease mouse model [37]. And Kwilasz et al. showed that
TLR4 antagonists prevented the production of proinflam-
matory factors and motor dysfunction in the experimental
autoimmune encephalomyelitis mouse model [38]. All these
studies have shown that TLR4 might be a promising target
in neuroinflammation treatment. Given the fact that inflam-
matory factors contribute to neuronal loss, synaptic loss, and
behavior impairments in AD progression, we think that the
TLR4-MYD88-NF«xB-dependent anti-inflammatory effect of
TLB might be accountable for its neuroprotective effect.
Due to the complicated pathophysiological changes in AD
progression, drugs targeting A failed in halting AD-related
memory deficits and pathological changes. We think that tar-
geting multiple pathways for AD intervention, such as anti-
inflammation, Af reduction, and Tau hyperphosphorylation
inhibition, might be an effective treatment plan. According to
the experiments above, we have a reason to consider that TLB
seems to have multiple targets on halting AD progression.

5. Conclusion

In summary, we uncovered TLB for AD therapy by explor-
ing multiple pathway mechanisms including Af burden
reduction, Tau hyperphosphorylation inhibition, and anti-
inflammation. TLB was effective in reducing neuronal loss,
alleviating synaptic degeneration, and ameliorating memory
deficits in the AD mouse model. More studies and further
clinical trials to test its efficacy would be necessary.
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Mycotoxins are key risk factors in human food and animal feed. Most of food-origin mycotoxins could easily enter the organism
and evoke systemic toxic effects, such as aflatoxin B1 (AFB1), ochratoxin A (OTA), T-2 toxin, deoxynivalenol (DON), zearalenone
(ZEN), fumonisin B1 (FB1), and 3-nitropropionic acid (3-NPA). For the last decade, the researches have provided much evidences
in vivo and in vitro that the brain is an important target organ on mycotoxin-mediated neurotoxic phenomenon and
neurodegenerative diseases. As is known to all, glial cells are the best regulator and defender of neurons, and a few evaluations
about the effects of mycotoxins on glial cells such as astrocytes or microglia have been conducted. The fact that mycotoxin
contamination may be a key factor in neurotoxicity and glial dysfunction is exactly the reason why we reviewed the activation,
oxidative stress, and mitochondrial function changes of glial cells under mycotoxin infection and summarized the mycotoxin-
mediated glial cell proliferation disorders, death pathways, and inflammatory responses. The purpose of this paper is to analyze
various pathways in which common food-derived mycotoxins can induce glial toxicity and provide a novel perspective for

future research on the neurodegenerative diseases.

1. Introduction

Mycotoxins spontaneously produce in food and feed, which
have threatened human and animal health around the world.
The thorny issue is not just their toxicity but their high prev-
alence in agriculture and strong connection with human diet
and animal life [1]. Mycotoxins are the most likely toxins to
invade human body due to the changes in the natural envi-
ronment or improper manual handling which may facilitate
the occurrence and spread of mycotoxins among food crops
and their derivative products [2]. The mycotoxins enter the
human body primarily along with plant-based foods in a

direct route, and they also come from various food of myco-
toxin infected animal origin in an indirect aspect with sec-
ondary contamination [3-6]. Thus, mycotoxins could enter
every stage of the food chain and every step of food handling
through contaminated source to infect final consumers and
users. According to official statistics, more than 25% of the
global crops are growing fungi and contaminated with
mycotoxins [7]. In addition, an increasingly volatile global
climate as a force majeure factor may also aggravate the
intensity of mycotoxins growth [8]. Early studies have
shown that large quantities of cereal-based products were
contaminated with fusarium toxin particularly in a long
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period of rainy years [9]. In addition, sugarcane has also
been proved to be a carrier of mycotoxins in humid environ-
ments. For instance, sugarcane was harvested in the south of
China and transported to northern regions for sale: during
transport and storage, damp conditions favor growth of
Arthrinium spp., which secrete the mycotoxin 3-NPA. The
above process has resulted in the established CNS disease
known as Mildewed Sugarcane-induced Dystonia, a disease
that has been prevalent in eastern regions of China (includ-
ing Beijing) among children who have eaten sugarcane
purchased from street vendors [10, 11]. More remarkably,
the extent to which crops are contaminated with mycotoxins
has been more unpredictable as the global warming. Also,
note that human behavior of contemporary lifestyle like
plant hybridization is reducing the stress tolerance of crops
and making food and feed more susceptible to myco-
toxin exposure, not to mention the high stability of
mycotoxins [12].

Mycotoxins are all secondary metabolites of different
fungi [13]. Although the mycotoxins have a large population
of more than 300 species, the most common mycotoxins in
human food and animal feed are aflatoxin B1 (AFB1), ochra-
toxin A (OTA), T-2 toxin, deoxynivalenol (DON), zearale-
none (ZEN), fumonisin Bl (FB1), and 3-nitropropionic
acid (3-NPA), which are the protagonist in this paper [14].
Available literatures have listed out acute or chronic toxicity
including hepatotoxicity, nephrotoxicity, dermal toxicity,
reproductive toxicity, and immunotoxicity in humans and
food-producing animals caused by an excessive number of
food-origin mycotoxins [15, 16]. As research continues,
mycotoxins have been regarded as the typical food-related
exogenous toxin which could attack the brain, and some of
them have been known to cross the blood-brain barrier
(BBB), which could accumulate in the brain and disrupt
the normal function of central nervous system (CNS)
[17-20]. So far, the neurotoxicity of mycotoxins involved
in the predisposing factors of nerve diseases is becoming bet-
ter recognized by researchers. In general, the AFB1, DON,
T-2, OTA, FBI, and 3-NPA, which have strong affinity with
brain, could enter the systemic circulation through con-
sumption or contact, and some of their metabolites could
easily cross the BBB and reach in the nerve cells via trans-
porters [21-23]. It was important to note that after neuro-
toxin 3-NPA was absorbed by the stomach and intestines,
the BBB was rapidly and extensively destroyed [24]. Further-
more, the fact for mycotoxins to enter the brain and develop
toxic effects has been highlighted in recent literatures. For
instance, 3-NPA is a mitochondrial neurotoxin that shuts
down energy transformation in nerve system, resulting in
brain damage that appears clinically in the form of persistent
(lifelong) dystonia and ballism [25]. Furthermore, experi-
mental animal models of 3-NPA-induced neurotoxicity have
been used to help find therapeutic strategy for Huntington’s
disease [26, 27]. OTA is a neurotoxin that has a high affinity
with the brain; the mice treated with OTA showed acute
depletion of both dopamine and metabolites in the striatum
with excessive OTA in the brain [26, 27]. OTA also caused
male-specific autism in vivo and in vitro by combining the
microRNA and X-chromosome in the brain [28]. Recently
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published studies have revealed that the metallothionein
(MTs) gene in the fetal brain could be upregulated by T-2
toxin accumulated in the brain of female mice, demonstrat-
ing that the regulation of mycotoxins on antioxidant-related
genes could be two-way transmitted between mother brain
and fetus brain [22]. However, researchers also found that
AFBI1 affected neurons potentially by activating immune
cells in the bloodstream of mice, causing neurodevelopmen-
tal and function abnormalities, in addition to causing brain
damage directly [29-31]. Besides, the ability of AFB1 to indi-
rectly affect neurons by affecting the function of glial cells
has also been demonstrated [32]. Most importantly, myco-
toxins have been demonstrated to increase the occurrence
of global neurological diseases. It has been reported that
the concentration of T-2 toxin in the serum of 182 residents
with a history of mycotoxin exposure was significantly
increased, neurodevelopment was hindered, and exercise
balance, visual function, reaction speed, cognitive ability,
and emotional management ability were all weakened. In
addition, the decrease in frontal cortex activity was detected
by quantitative EEG [33]. Through individual neuropsycho-
logical data and symptom observation, mycotoxins were also
suspected to be one of the triggers of autism spectrum disor-
ders, consistent with recent epidemiological research reports
on mycotoxins and autism spectrum disorders [34]. A neu-
rophysiological test for children showed that the evoked
potentials of brainstem, visual, and somatosensory were
abnormal after long-term exposure to mycotoxins [35].
The cognitive impairment of 277 children in Poland was
proved by a 6-year mycotoxin exposure test, indicating that
the exposure time was negatively related to the IQ of partic-
ipants. Similarly, the concentration of ochratoxin in urine
and serum of 52 autistic patients was significantly higher
than that of the control groups. Additionally, the upregula-
tion of microRNA-132 mediated by OTA in vitro has been
verified, which was connected with depression-related genes
PTEN and MeCP2. Conversely, the way of adsorbing or
removing OTA could rescue autism symptoms [36]. Based
on the characteristics of these common mycotoxins about
their easy passage through the BBB and their potential
threat to the central nervous system, exploring the inter-
connections between their neurotoxic mechanisms and
the nerve-associated diseases is becoming more urgent
for us.

A large number of records indicated that glial cells
especially astrocytes and microglia play irreplaceable central
roles in brain homeostasis, neural information transmission,
neuronal survival, and neuroinflammation [37-40]. Fur-
thermore, astrocytes and microglia are not only the most
abundant glial cells to protect CNS but also the crucial
participants in both brain injury and neurodegenerative
disorders, particularly in the Alzheimer’s, Parkinson’s,
and Huntington’s diseases [41]. Although the amount of
available information about the mycotoxin-induced gliocy-
totoxicity are still limited and lack complete integration
and analysis, the neurotoxicity through altering the sur-
vival status and function of the glia cells have been dem-
onstrated in mycotoxin [42]. Previous research proved
that the oxidative stress and gene expression of ZEN-
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treated neurons were strictly regulated by glial cells with
the evidence that the presence or absence of glial cells
affected the expression of thyroid receptors a and f3 [43].
Another report about typical neurotoxin FB1 suggested
that the primary and mature neurons of the mice were
not the primary targets of FB1 (50 yumol/L) neurotoxicity
in vitro; on the contrary, the immune active cells such as
astrocytes showed both obvious cytotoxicity and cell death
after 8-day exposure. In addition, the obvious microglial
cytotoxicity mediated by FB1 (20 umol/L) was also observed
in mice at the 4th day. Therefore, increasing evidences have
indicated that the neurotoxicity of mycotoxins was secondary
to the complex roles of glial cells, potentially promoting the
development of neurodegenerative diseases [44]. Consider-
ing the indispensable roles of glial cells in CNS diseases, as
well as the inevitable mycotoxins in feed and food, we now
comprehensively describe the essential connection between
mycotoxins and glial cells from the perspective of astrocytes
and microglia cells (Figure 1). Despite the evidence that
ZEN causes glial toxicity is limited, the interferences of
other mycotoxins on glial cells were summarized in this
report, so as to systematically explain how the mycotoxins
stimulate the glial cell status related to the nerve injury.
The long-term purpose is to provide necessary information
for protecting CNS against the threat of exogenous factors
and find an effective way to delay neurodegenerative
diseases.

2. The Dual Role of Glial Cell Activation

During external stimulus, astrocytes and microglia would
transform resting state into activation state, undergo
changes in morphology, proliferation, and migration [45].
It has been known that glial cells could play the dual roles
of protection and damage depending on different activation
levels, which can not only protect and repair the brain but
also cause damage to the CNS [46, 47]. The activation and
proliferation of glial cells have been proven to affect the
microenvironment of nerve tissue repair after injury or
ischemia: excessive activation of astrocytes and microglial
cells, on the one hand, forms a glial scar and oppresses the
microvessels, on the other hand, tends to secrete harmful
cytokines, which affect nerve regeneration. Meanwhile, acti-
vated glial cells produce a large amount of nitric oxide,
which affects DNA modification and lead to neuron injury
[48, 49]. Rapid and severe overactivation of glial cells caused
by neurotoxic substances could lead to a metabolic distur-
bance in the interactions between neurons and astrocytes
and result in severe brain disease [50]. Related literatures
have confirmed that this process has been implicated in
the course of Alzheimer, Huntington’s dance, demyelinating
disease, and brain trauma [51].

2.1. Mycotoxin-Mediated Astrocyte Activation. The activation
and immune responses of astrocytes have been suspected of
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pathway, JAK/STAT pathway, and AKT pathway is involved in mycotoxin-induced apoptosis. In addition, mycotoxin can directly

induce necrocytosis.

augmenting proinflammation, calcium imbalance, mitochon-
drial damage, and the accumulation of oxidative stress prod-
ucts such as reactive oxygen species (ROS), which tend to
expand neuronal deterioration and contribute neuronal death
[52, 53]. Glial fibrillary acidic protein (GFAP) generated in cell
body of astrocytes has been recognized as the activation
marker protein of astrocytes (Figure 2) [54]. Previous evidence
has suggested that another protein, matrix metalloproteinase 2
(MMP2) with different specific expression pattern [55], played
protective role against heavy metals or drug toxicity in astro-
cytes [56]. During the process of chemical, degenerative, or
mechanical injury repair in the brain, the activity, prolifera-
tion, and function of astrocytes were influenced by the changes
of the expression of GFAP and MTs. Therefore, GFAP and
MTs were not only important factors for the stabilization
and tight junctions of BBB but also represented the severity
of astrocyte activation directly and indirectly, respectively
[57]. It has been confirmed that the activation of astrocytes
could protect neurons against oxidative stress which occurred
in neural stem cells (NSCs) in early progenitor cells of weaned
mice infected with T-2 toxin and reduced transient neural dis-
connection in the hippocampus tissue. Relevant research has
observed a significant increase in the number of MT-I/II+ pos-
itive astrocytes in various brain regions, and this protective
mechanism was suggested as a toxic target of T-2 toxin [58].
Early experiments have shown that astrocyte activation was
rapidly initiated in neurodegenerative injury, accompanied
by increasing GFAP expression. Similar findings showed that
GFAP activity in the cerebellum of rodents was rapidly

enhanced by AFB1, promoting the proliferation of astrocytes
and the release of inflammatory factors and neurotoxic
substances [59]. After long-term oral administration of
0.025 mg/kg AFB1, the GFAP area percentage in hippocampal
CAL area of male rats was significantly increased compared
with that of the control group, due to the activation of the
nitric oxide (NO) produced by AFBI. As an endothelial relax-
ation factor, NO initiated the activation of microvascular
endothelial cells, with a subsequent activation of astrocytes.
Therefore, as the AFB1 administration went on for 90 days,
astrocyte toxicity and damage were induced more severely
[60]. Previous published studies have suggested that the
increased number of astrocytes could also be a repair mecha-
nism during the brain injury and the number of neurons in
hippocampal CA1 region, which was rescued by astrocytes.
In contrast, both in vivo and in vitro testing results showed
that once aflatoxin was freed, the total number of glial cells
and neurons in the frontal cortex would decline [61].

2.2. Mycotoxin-Mediated Microglia Activation. Microglia,
the resident inflammatory sensors in the brain, have been
thought to play a key role in the survival and homeostasis
of neurons. Activated microglial cells were inclined to
show two phenotypes, including the classic M1 phenotypes
with the nerve inflammation and the M2 phenotypes
focusing on nerve repair [62]. A growing number of evi-
dences have shown that the changed ratio of M1 to M2
due to the excessive activation of microglia could break
the balance between inflammation and repair, causing
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immune disorders, mediate neuroinflammatory injury, and
accelerate the neurodegenerative diseases [63, 64]. 24-hour
long exposure to 20 ng/mL AFB1 activated the astrocytes as
well as human microglial cells in the form of M1 phenotype;
subsequent microglia-mediated inducible nitric oxide syn-
thase (INOS) upregulation promoted the arising of oxidative
stress. Gene expression results indicated that the increasing
of mRNA expression levels of TLRS, MyD88, and NF«xB
was evident under the stimulus of AFB1. The secretion of
the proinflammatory factors (TNF-a, IL6), as well as
granulocyte-macrophage colony stimulating factor (GM-
CSF), was also promoted, which threatened other resting
microglia cells. Nitric oxide has been verified to be one of sig-
nals for microglia to switch from M1 to M2 phenotype, but
AFBI only caused a slight increase in NO and had no ten-
dency to activate M2 phenotype of microglia which
explained the critical phenotype M1 [32]. Researchers also
found that 48 hours of OTA exposure resulted in upregula-
tion of proinflammatory factors such as IL-1 and IL-6,
and the positive results of macrophage cells ED1/CD68
markers and microglia M1 activation markers were
increased, which in turn intensified the release of proinflam-
matory cytokines. Moreover, anti-inflammatory factors such
as IL-4 and IL-10 activated M2 phenotype of microglia. It has
been reported that different types of activated glial cells prob-
ably interact with each other. For example, MTI and MTII
proteins were downregulated by OTA, and it is noteworthy
that the inflammatory response of microglia was rescued by
the artificially treatment on MTT and MTII proteins in astro-
cytes, further indicating that the astrocytes might be able to
adjust the trends of the activation microglia [65].

3. Oxidative Stress in Mycotoxin-Infected
Glial Cells

In vivo and in vitro studies have shown that cellular oxida-
tive stress is the direct mechanism of cytotoxicity caused
by mycotoxins and their metabolites. ROS are increased by
mycotoxins, causing oxidative stress, and then proteins,
lipids, and chromosomes are attacked by ROS. Cell mem-
brane is damaged or even lytic end with the increased lipid
peroxidation (LPO) and decreased antioxidants [66]. Not
only that, brain cells are vulnerable to oxidative stress injury
induced by mycotoxins such as AFB1, OTA, T-2 toxins,
DON, and FB1 in food and environment because of numer-
ous oxygen consumption, energy expenditure, and peroxide
fatty acids in brain tissue [67]. Furthermore, excessive ROS
expression and ion imbalance in brain will be further
increased with the injury of glial cells, thus damaging the
function of the whole CNS [52, 53].

Mycotoxin-mediated oxidative stress in neuroglial cells
has been described in related literatures, suggesting that
the imbalance between ROS accumulation and elimination
is the major neurotoxic mechanism of T-2 toxin among glial
cells. The astrocytes of male pups are able to sense the pres-
ence of T-2 toxin infection in mice maternal environment
and produce oxidative stress response in vivo, which is
proved to be regulated by the significantly increased expres-
sion of metallothionein in fetal astrocytes [68]. In addition,

an increasing number of experiments has been evidenced
that oxidative stress is also crucial to the cytotoxicity of
microglia, indicating that microglia exposed to microorgan-
isms can not only promote the generation of ROS but also
stimulate the expression of NO synthase to promote the
production of RNS, which is also considered as a universal
indicator of oxidative stress in astrocytes and microglia
[69, 70]. It was known from previous studies that ROS and
lipid peroxidation were gradually accumulated over time in
the cytoplasm of human astrocytes treated with aflatoxin
Bl. As a consequent of oxidative stress, mitochondrial per-
meability and DNA molecule are impaired [71]. In addition,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and lactate dehydrogenase (LDH) were significantly
released in the brain after oral administration of 20 ng/mL
AFBI1 for 30 days, and the connectivity of the BBB was
completely destructed after 90 days. The findings of neuro-
nal cell apoptosis, nuclear condensation, cellular vacuoliza-
tion, neuroinflammation, and spongiform necrosis were
also systematically recorded in the late stage of oxidative
stress [60, 72]. It has been reported that iNOS mRNA of
human microglia was upregulated after 3 hours exposure
to AFB1, which further confirmed the role of AFBlin pro-
moting oxidation on CNS [73]. However, the observations
of free radical assessment in recent literature showed that
the increase of the total amount of free radicals and ROS
was not obvious after AFB1 treatment, which reflecting that
iNOS was not only a prooxidant molecule but also an
important indicator in the process of oxidative stress of glial
cells [74]. The oxidative stress of normal astrocytes was ini-
tiated by 48-hour exposure to OTA, characterized by a
reduction of regulatory factors of oxidative stress response
[65]. Several researchers treated the serum-free aggregating
brain cells with noncytotoxic concentrations of OTA and
analyze the results of the quantitative reverse transcription
polymerase chain reaction (QRT-PCR). They found that
peroxisome proliferator-activated receptor-y, heme oxygen-
ase-1, and iNOS in astrocytes were significantly upregulated,
while expressions of glial fibrillary acidic proteins were
attenuated [75]. In vitro investigation, oxidative stress was
also found to promote FBl-induced neural death pathway
because of the role in inducing the cytotoxicity of human
U-118MG glioblastoma through the production of ROS,
the initiation of lipid peroxidation, and the reduction of glu-
tathione [76]. Despite the evidence that the oxidative stress
depends on more than 100 mmol FB1 and 2 to 6 days of
exposure and may require some stimulation of indirect
mechanism, the oxidative stress damage in glial cells will
clearly be evoked by certain dose and duration of exposure.
The metabolic changes of sphingomyelin (SL) caused by
FB1 can be able to coordinate with oxidative stress to pro-
mote cell death and carcinogenesis on this basis [77].

4. Mitochondrial Dysfunction
Mediated by Mycotoxins

Turning enough adenosine triphosphate (ATP) into chemi-
cal energy is essential for cell survive. While mitochondria,
the “cellular energy plant” in the brain provides a constant



supply of ATP via oxidative phosphorylation (OXPHOS)
[78]. Mitochondria can also prevent excessive calcium accu-
mulation in nerve cells and play an important role in the
regulation of apoptosis. It has been proved that the regula-
tion of ATP and calcium in glial cells was disrupted as a
consequence of mitochondrial dysfunction triggered by
mycotoxins, which was also vastly involved in the free radi-
cals, DNA damage, cell apoptosis, and necrosis (Figure 2)
[79]. The ability of trichothecenes to inhibit mitochondrial
protein translation directly has been exposed. For instance,
T-2 toxin-mediated oxidative stress and apoptosis of nerve
cells both associated with mitochondrial disorders has been
shown in previous studies [80]. Recently, through the
3(4,5-dimethylthiazolyl-2)2,5-diphenyl tetrazolium bromide
(MTT) assay signal, scientists found a dose-dependent
decrease in mitochondrial activity of mouse microglia (BV-
2) after the FB1 (8 mM to 50 mM) infection, and the active
numerical value was significantly lower than the control
group [81]. It was also found that the ROS produced by
the primary mouse astrocytes derived from the impaired
mitochondrial function perturbated by FB1. Furthermore,
the mitochondrial electron transport chain suppression,
mitochondrial membrane decline, and cellular respiratory
inhibition eventually induced ROS explosion, measured by
real-time imaging and specific inhibitor tests [82]. The oxi-
dative phosphorylation defects of mitochondria have been
investigated in AFBl-related tests, and the results showed
that DNA damage was parallel to alteration of mitochon-
drial activity and function. ATP depletion caused by mito-
chondrial maladjustment was involved in glial cytotoxicity
induced by AFBI. For example, in the process of apoptosis
in human microglia induced by AFBI (20ng/mL) at 24
postexposure hours (PEH), the decreased level of ATP was
demonstrated by using firefly luciferase assay [32].
Through the balance between intracellular and extracel-
lular calcium ion (Ca**) signals, astrocytes recycle and
release various neurotransmitters such as glutamate and y-
aminobutyric acid (GABA) and ensure synaptic stability
[83]. It is known that Ca** depends on ion pumps and
Ca®" channels (transient receptor potential channels, L type
calcium channel, inositol triphosphate receptor, Ca**-ATP)
to enter the neurocyte, and mitochondrial dysfunction-
mediated Ca** migration is accomplished by mitochondrial
calcium uniporter [84]. Therefore, the injured astrocyte,
depolarized mitochondrion, and the decline of mitochon-
drial membrane potential (MMP) induced calcium overload,
which occurs in the process of AFBl-mediated astrocyte
proliferation testing. Interestingly, the proliferation of astro-
cytes was subsequently rescued after the inhibition of Ca®"
levels by chelating agents and inhibitors [85]. An imaging
of astrocytes exposured to 3-NPA in vitro has showed an
excessive Ca®" overload that caused astrocyte destruction
[86]. Furthermore, OTA decreased MMP in human astro-
cytes, increased the concentration of Ca®" in mitochondria
and cytosol, upregulated the proapoptotic factors Bax and
P53, and increased the expression level of urokinase
plasminogen activator receptor (PLAUR) mRNA [87]. The
literature has shown that the calcium influx was in accor-
dance with oxidative stress. For example, transient receptor
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potential channels and mitochondrial calcium transporters
in the astrocytes were activated by excessive ROS, exhibiting
the inhibition of the cell survival [88].

5. The Inhibition of Glial Cell Viability
Caused by Mycotoxins

Mycotoxins have been identified in recent studies as reduc-
ing the survival of glial cells in the CNS. The results of
neurotoxic correlation assessment of AFB1 suggested that
high dose of AFBI significantly reduced microglial activity
in a dose- and time-dependent manner. Treatment with
40 ug/mL AFBI1 caused about 50% loss of living glial cells
in mice, while AFBI infection with 1 M reduced the viabil-
ity of zebrafish embryos by 66% [85]. The sensitivity of
astrocyte viability to mycotoxins has also been demonstrated
in previous literatures. For example, murine microglia and
astrocytes developed cell necrosis and a decreased number
of living cells as a result of in vitro stimulation with FBI at
doses higher than 25mM [81]. Continuous infection of
FB1 in the concentration range of 1-40mM induced a
decrease in astrocyte maturation and survival rate during
25-35d [89], with significant DNA damage at 48h, 72h,
and 6d posttreatment [90]. In addition, about 35% of rat
C6 glioma cells died after being treated with FB1 (9 ymol)
and incubated for 24h [91]. In addition, 30% of mice with
3-NPA injection produced abnormal gait, tremor, and som-
nolence. The swollen and disintegrated striatal astrocytes
were observed by electron microscopy [86]. Furthermore,
10nM T-2 toxin reduced the viability of the astrocyte popu-
lation by 70% at 24 hours after incubation, and 24nM T-2
toxin inhibited 50% of cells at 48 hours after exposure, deter-
mining the IC, value. It should be emphasized that the
comparison of the IC,, values of primary astrocytes with
those of other primary cells indicated that CNS was suscep-
tible to the toxicity of T-2 toxin [23]. Recently, the sensitivity
of different nerve-related cells to mycotoxins has been
compared and recognized. The LC50 of NPCs, microglia,
and astrocytes in 24-hour AFB1 exposure was 75,000 ng/mL,
50,000 ng/mL, and 40,000 ng/mL, respectively, indicating
that the cytotoxic priority of the three types of cells was dif-
ferent [73]. In the test of DON interfered with primary
enriched cultures, different glial cells had different response
degrees to DON. The IC,, of astrocytes was 31uM, 119
times higher than the value of 0.259 of microglia. Similarly,
human astrocyte IC,, (50 uM) was more than 12 times that
of human microglia IC, (4.1 uM). The microglial cells were
also found higher sensitivity in the mixed glia cells coculture
system. Immunofluorescence and MTT results showed that
DON with a concentration less than 25 M was resisted by
astrocytes. Nevertheless, microglia (ox-42 positive cells)
were selectively killed when DON was less than 10 yuM [92].

Studies related to cell cycle arrest have also revealed the
reasons for the decreased survival rate of glial cells after con-
tinuous exposure to mycotoxin. Flow cytometry analysis
showed that proliferation of human astrocytes treated with
AFBI1 was inhibited at the sub G0/G1 stage, which was cor-
related with the upregulated Bax, Bak, and cytochrome c
(Cyt-c), and the proliferation activity of astrocytes was also
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regulated by the AKT and MAPK signaling pathways [85].
In addition, the sub GO/G1 cell cycle arrest characterized
by mRNA downregulation of CCND1, CCNEI1, CDK4, and
MYC was also observed in OTA infected astrocytes, accom-
panied by the reduced secretion of neurotransmitters such as
norepinephrine, dopamine, and serotonin [87, 93]. Unex-
pectedly, there was no correlation between the antiprolifera-
tion effect of FB1 at a concentration of 2.5mM on mouse
microglia and the cell cycle arrest. Although FB1 has previ-
ously been reported to inhibit the proliferation of other cell
types through cell cycle arrest, in mouse microglia, it exhib-
ited a unique feature independent of cell cycle arrest [94, 95].

6. Apoptosis and Necrosis in
Mycotoxin-Treated Glial Cells

So far, apoptosis and necrosis have been explained as the two
main indicators of mycotoxin-mediated glial toxicity in vitro
(Figure 2). The necrosis and hyperplasia occurred in brain
according to immunohistochemical results with the action
of AFBI1 [96]. It has been reported that AFBI initiated
human astrocytes mitochondrial-dependent apoptosis path-
way by inducing a dose-dependent decrease of MMP, an
overexpression in proapoptotic proteins such as Bax, Bak,
and Cyt-c and a decrease in the expression of phosphory-
lated Bcl-2 [85]. Microglial apoptosis mediated by low
doses of AFB1 (20ng/mL) was also demonstrated by
bioluminescence-based methods. The expression of caspase-
3 and caspase-7 increased at 24 PEH, the apoptosis-related
genes such as p21 and p53 were significantly elevated, and
the phosphatidylserine transferred to the outer surface of the
plasma membrane. Simultaneously, apoptotic bodies were
formed, and the proportion of apoptosis (annexin V+)
increased [97]. Besides, abnormal fluctuations in the expres-
sion of Cxcr4 gene were found at different time points in
response to AFB1 [98]. It has been reported that the treat-
ment of 1 yM T-2 toxin for 24 h significantly enhanced the
activity of caspase-3 in astrocytes, activated the JAK/STAT3
pathway, and eventually triggered apoptosis [68]. In addi-
tion, previous detections have revealed that T-2 toxin was
time-dependently accumulated in T-2 incubated glial cells.
For example, the cumulative concentration of T-2 toxin in
astrocytes reached 200 uM after treated with 10 uM T2 toxin
for 15 minutes. Subsequently, the absorption of T-2 toxin by
human astrocytes reached a peak at 320 uM after 1-hour
long incubation, which was about 30 times of the concentra-
tion of T-2 toxin in the peripheral medium. Likewise, it was
also found that HT-2, the main metabolite of T-2 toxin, also
generated in human astrocytes and reached the maximum
concentration of 150 uM after 6 hours of exposure, indicat-
ing that the apoptotic pathway of primary astrocytes was
produced by cooperation of T-2 and HT-2 toxins [23].
Moreover, researchers have determined the apoptosis in 3-
NPA treated primary astrocytes and BV2 cells, and simulta-
neously, these cells expressed huntingtin. In turn, 0.5 mg/kg
a-melanocyte stimulating hormone (a-MSH) could protect
cells via promoting brain derived-neurotrophic factor
(BDNF) and peroxisome proliferator-activated receptor-y
(PPAR-y) expression [99]. In addition, researchers found

that OTA triggered astrocytotoxicity through mitochondria-
dependent apoptosis which was related to the increased
phosphorylation of proteins in AKT and MAPK signal
transduction pathway (e.g., JNK and ERK) [100]. In the
other side, the role of mycotoxins in inducing direct or
secondary glial cell necrosis, which was another way of non-
neuronal cell death, has been speculated. For example, the
death of nonapoptotic necrotizing cells occurred 8 days
after 50 uyM FB1 infection in BV-2 and murine precursor
astrocytes, as confirmed by lactate dehydrogenase release
assay and annexin V/PI staining observations [81]. Based
on the evidence of necrosis caused by FB1 and the past data
on FB1 infected hamster ovarian cell test, researchers mech-
anistically speculated that the proapoptotic signals of such
cells were possibly not vulnerable to boost by FB1. Instead,
the necrotic death mode was involved in cell loss triggered
by FB1 [101].

7. Inflammation/Immune Deregulatory in
Glial Cells

Activated microglia cells and astrocytes both normally have
the ability to release soluble factors for neuroinflammation,
and their immune response has been considered to be essen-
tial for neuroinflammation [102, 103]. In general, inflamma-
tion could be produced and developed with injury, infection,
and toxin stimulation. Although transient neuroinflamma-
tion may contribute to the elimination of pathogenic micro-
organisms, repair of brain infections, and protection of the
nerve tissue, the chronic neuroinflammatory signal trans-
duction could also potentially translate to the development
of neurodegenerative disease, suggesting that inflammatory
activation of glial cells could have biphasic effects [13, 104].
For example, astrocytes tend to maintain the homeostasis
of brain function under normal physiological conditions,
but they could be abnormally activated with injury or path-
ological interference, releasing various inflammatory fac-
tors and promoting the course of neurological diseases
[105]. In addition, the immune effector cells of the CNS,
microglia, normally played an important role in immune
regulation, including sensing harmful stimuli in the envi-
ronment, swallowing debris and abnormal proteins, digest-
ing apoptotic neurons, and performing antigen-presenting
function. On the other hand, microglia have also been rec-
ognized as an internal cause of pathologic neuroinflamma-
tion, exacerbating a variety of neurodegenerative diseases,
including Parkinson’s disease, Alzheimer’s disease, amyo-
trophic lateral sclerosis, and multiple sclerosis [106-108].
In the latest literature, activation and proinflammatory
response/immune dysregulation of murine microglia exposed
to low quantity of AFB1 have been evaluated. Functional toll-
like receptors (TLRs), as a key immunosensor of the CNS,
have been known as one of the characteristics of the immune
activity of glial cells, as well as the proinflammatory events in
the brain in the stimulation of the external environment.
TLR2 was overexpressed in 20 ng/mL AFB1-exposed microg-
lia after 1 hour and triggered a prophase cascade, including
MyD88, NF«B2, TNF-q«, IL-6, chemokine receptor (CxCr4),
and caspase-3/7, which were upregulated at gene and protein
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levels. The level of TLR4 then increased after 5 hours, fur-
ther triggering the secretion of iNOS and NF-xB2 [73].
GM-CSF could aggravate inflammatory cell infiltration in
mammalian brain, glial cell proliferation, and central ner-
vous system immune disorder. A vitro evaluation indicated
that MyD88 and TLRs stimulated the secretion of IFN-y
and GM-CSF in activated microglia following exposure to
AFBI, thus recruiting other resting microglia [32]. In
AFB1-initiated proinﬂammatory microenvironment, astro-
cytes also increased the loads of TNF-a, IL-1, and IL-6
through TLR expression (IL-6 was the most upregulated)
to exacerbate inflammation and injury, which was con-
firmed by cytokine expression profiles [73]. In addition to
AFBI1, repetitive OTA-derived stimulation has been
believed to enhance neuroinflammation as visualized by
an increase of activating glial cells and proinflammatory
signals, such as iNOS, IL-183, TNF-«, and IL-6, which were
increased after 24 hours of exposure. M1 microglial cells
were fully activated on day 10 of exposure, and ED1/CD68
positive cells and isolectin B4-labeled cells were signifi-
cantly increased. Under the same conditions, GFAP, MTI,
and MTII in astrocytes, that were known to be normally
elevated in injury, were downregulated in the AFB1 envi-
ronment, and the expression of vimentin in astrocytes
was atypically increased [65]. Furthermore, the mechanism
of 3-NPA-induced TNF-q, IL-1p, and IL-6 in mRNA levels
was related to Nrf2 expression, which was the therapeutic
target in the treatment of Huntington’s disease [27]. OTA
was also suspected to influence the expression of brain
inflammation-related genes through astrocytic cytoskeletal
changes in another study, and MTI/MTII was also sug-
gested to be involved in the regulation of OTA-induced

neuroinflammation [109]. It has been well documented
that microglia could be activated by bacterial lipopolysac-
charides (LPS), then release proinflammatory factors and
produce ROS and reactive nitrogen (RNS), causing damage
and loss of peripheral neurons and glial cells. Therefore, the
inhibition or promotion of above process could be sense for
the study of degenerative neurological diseases and patho-
logic neuroinflammation [110]. Remarkably, DON possibly
has a double side on the secretion of TNF-«a and iNOS in
microglia treated with LPS. For example, DON (sublethal
dose) of less than 100nM promoted the inflammatory
effects through MAPK and NF-«B pathways, thereby
increasing neuronal damage caused by infection, while
DON (toxic dose) of IC, reduced microglial sensing for
LPS through cytotoxic effects, leading to the risk of
decreased anti-infection efficiency [92, 111]. Similarly,
PCR results demonstrated that the expression of proinflam-
matory molecules including TNF-« and IL-1 was down-
regulated in the mixed culture of glial cells incubated with
FB1 for 6 h or 24 h [81, 112]. Judging from the available evi-
dence, mycotoxins have been suggested to enhance or
inhibit the production of proinflammatory factors in glial
cells at the mRNA and protein levels, which in turn provide
the possibility of brain instabilities, neuroimmune distur-
bances, and neurodegenerative diseases (Figure 3).

8. Failure of Glutamate Clearance in Glial Cells

It has been known that the survival of neurons depends on
astrocytes, partly because the latter responds to an overdose
of neurotransmitters through their receptors and reabsorb
some of the neurotransmitters to end the synaptic process
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the sensitivity of the synaptic transmission, astrocytes
timely ingest and buffer glutamate through high-sodium-
dependent excitatory amino acid transporters (EAAT)
including EAAT1/GLAST and EAAT2/GLT-1. Glutamate
is then converted into glutamine by the enzyme glutamine
synthetase (GS) in astrocytes and released extracellular,
where it will be reabsorbed by neurons into a new cycle
[114]. In addition to terminating synaptic transmission,
glutamate clearance by astrocytes could also prevent exci-
totoxicity, functional impairment, or neuron death due to
high level of glutamate [115, 116]. In the early stage,
researchers selectively inhibited the expression of gluta-
mate vector in astrocytes by using antisense nucleic acid
technology, leading to astroglial reactivity characterized
by dramatically increased concentration of extracellular
glutamate, and the neurons eventually deteriorated due
to excitotoxicity. In addition, it has been verified that neu-
rons release large amounts of glutamate during cerebral
anemia, and astrocytes subsequently absorb glutamate to
protect neurons from damage. In infection, inflammation,
hypoxia, ischemia, trauma, and various pathologies like
Alzheimer, the ability of GS to recover and convert glutamate
was suppressed, leading to neuroexcitatory toxicity and
neuronal death [116, 117]. Similarly, mycotoxin-mediated
astrocyte injury also inhibited the uptake of glutamate and
induced a large accumulation of extracellular glutamate.
For example, DON decreased the expression of EAAT on
the plasma membrane of astrocytes in time-dependent man-
ner at 1 and 10 uM, thereby inhibiting the function of taking
in L-glutamate from the synaptic gap. The IC of this inhibi-
tion was 50nM, which had no correlation with the DON
toxic-mediated decline in astrocyte activity [92]. In recent
reports, OTA affected the membrane insertion state of
EAATs in cell surface of primary astrocytes, and the
expression of glutamate transporter 1 (GLT1) was also
downregulated by OTA infection, resulting in the failure of
L-glutamate capture in the nervous system [118]. Now we
know that these mycotoxins could inhibit manipulation of
neurotransmitters in limited findings, suggesting that all neu-
ral activity associated with information transmission could
be regulated by mycotoxins in our environment through
the glial cells (Figure 4).

9. Conclusions

On the basis of existing studies in regard to mammalian ner-
vous system diseases, the important position of glial cells in
the CNS has been increasingly recognized. The homeostasis
of the brain environment, the transmission of synaptic infor-
mation, the integrity of the BBB, and the survival of neurons
are all maintained and monitored by glial cells, including
microglia and astrocytes. Once the viability and function of
glial cells were lost, neurological diseases and neuronal death
characterized by abnormal glial cells would be triggered. It is
tempting to liken the glial cells, led by astrocytes and
microglia, to the umbrella of the CNS, where exogenous
stimuli with neurotoxic effects could more or less destroy
these guardian, causing neurological damage. In view of
the more frequent occurrence of mycotoxin overdose and
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poisoning in the consumption of substandard food and feed,
mycotoxins have been gradually included in the research of
potential neurotoxins. Recent studies have found that myco-
toxins such as AFB1, DON, T-2, OTA, FB1, and 3-NPA
could cross the BBB, accumulate in the brain, and disrupt
the normal order of CNS. In addition, glial cells, especially
astrocytes and microglia, have been found to be significantly
affected by the toxicity of mycotoxins, which possibly
because they are themselves immunosensors and inflamma-
tory effector cells. Compared with other neural accessory
cells, these two glial cells tend to be more sensitive to myco-
toxins and exhibit toxic effects more obviously.

As illustrated in Figure 5, astrocytes and microglial cells
were activated by mycotoxins in different forms; the expres-
sion of GFAP and MMP2 in the former was adjusted, and
the ratio of M1 and M2 activation phenotypes in the latter
was changed. Whatever, excessive activation of glial cells
could bring out subsequent glial cell toxicity effect: (i) ROS
and RNS were accumulated in oxidative stress damage; (ii)
mitochondrial function was impaired, aggravating ATP
depletion and calcium imbalance; (iii) the ability to buffer
transmitters such as glutamate was inhibited, inducing neu-
ral defects; (iv) the viability of glial cells was decreased, cell
proliferation was inhibited at the GO/G1 stage, and the
release of proinflammatory factors changed dramatically,
resulting in apoptosis or necrosis of the cells eventually;
(v) the activation of the p53 pathway, MAPK pathway,
JAK/STAT pathway, and AKT pathway is involved in
mycotoxin-induced apoptosis. According to the related
research, we can analyze that even low-dose food-derived
mycotoxins could mediate brain damage and neuronal death
through glial cytotoxicity and promote the occurrence of
pathological neuroinflammation and neurodegenerative dis-
eases. It is important to note that the incidence of neurode-
generative diseases is increasing, which affects the normal
neurogenic behaviour of human beings. Neurodegenerative
diseases are closely related to environmental changes, and
in fact, mycotoxin contamination has been one of the major
problems caused by environmental changes. Therefore,
mycotoxin-induced nerve damage is expected to become
the key to deal with to the trend of neurodegenerative
diseases. Of course, these evidences could further guide
researchers to explore the connections between glial cells
and other important components in the common microenvi-
ronment of CNS, such as the complex regulatory mecha-
nisms between glial cells and various neurons that are
simultaneously exposed to mycotoxin. In addition, the com-
bined neurotoxicity of different mycotoxins in vivo and
in vivo may also be the next research target, given that their
synergistic mutagenesis has been demonstrated in other cells.
Most importantly, the glial toxicity of mycotoxins reminds us
to develop neuroprotective agents targeting glial cells in
order to effectively respond to neurological diseases, such as
Alzheimer’s, Parkinson’s, and Huntington’s diseases. In con-
clusion, understanding the link between mycotoxins and glial
injury could help us more comprehensively and effectively
assess the risks of animal feed and food and also provide data
support for drug new targets in CNS, so as to overcome more
clinical troubles. Given the difficulty in completely avoiding
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mycotoxins in food crops and the absence of visible warning
labels on raw materials and consumer goods, real-time and
efficient supervision on food security remains the primary
tasks of ensuring human and animal health.
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Multi-infarct dementia (MID), a prominent subtype of vascular dementia (VD), is responsible for at least 15 to 20 percent of
dementia in the elderly. Mitochondrial dysfunctions and glutamate neurotoxicity due to chronic hypoperfusion and oxidative
stress were regarded as the major risk factors in the pathogenesis. Kaixin San (KXS), a classic prescription of Beiji Qianjin
Yaofang, was applied to treatment for “amnesia” and has been demonstrated to alleviate the cognitive deficit in a variety of
dementias, including MID. However, little is known whether mitochondria and glutamate are associated with the protection of
KXS in MID treatment. The aim of this study was to investigate the role of KXS in improving the cognitive function of MID
rats through strengthening mitochondrial functions and antagonizing glutamate neurotoxicity via the Shh/Ptchl signaling
pathway. Our data showed that KXS significantly ameliorated memory impairment and hippocampal neuron damage in MID
rats. Moreover, KXS improved hippocampal mitochondrial functions by reducing the degree of mitochondrial swelling,
increasing the mitochondrial membrane potential (MMP), and elevating the energy charge (EC) and ATP content in MID rats.
As expected, the concentration of glutamate and the expression of p-NMDARI were significantly reduced by KXS in the brain
tissue of MID rats. Furthermore, our results showed that KXS noticeably activated the Shh/Ptchl signaling pathway which was
demonstrated by remarkable elevations of Ptchl, Smo, and Glil protein levels in the brain tissue of MID rats. Intriguingly, the
inhibition of the Shh signaling pathway with cyclopamine significantly inhibited the protective effects of KXS on glutamate-
induced neurotoxicity in PCI12 cells. To sum up, these findings suggested that KXS protected MID rats from memory loss by
rescuing mitochondrial functions as well as against glutamate neurotoxicity through activating Shh/Ptch1 signaling pathway.

1. Introduction multiple lesions, infarction of small arteries in the cerebral

gray-white matter, and neuronal degeneration are its charac-
Multi-infarct dementia (MID) is a prominent subtype of  teristic lesion [1, 2]. MID is resulted from atherosclerotic
vascular dementia (VD) and is responsible for at least 15 to disease in large arteries (e.g., carotid) with widespread
20 percent of dementia in the elderly. It is widely known that ~ thromboembolic events, accompanied with chronic cerebral
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hypoperfusion, which leads to obvious brain pathological
damage and cognitive impairment [3-5]. Cerebral ischemia
caused by chronic hypoperfusion could induce cerebral
hypoxic and result in the production of reactive oxygen
species (ROS) and excitatory amino acid (EAA), such as
glutamate [6], which directly impair mitochondrial homeo-
stasis and energy production [4, 7]. Therefore, flawed
energy metabolism and accumulated EAA in the brain are
usually considered as the hallmarks in the pathogenesis of
MID. The mitochondria are a cell’'s power packs and
responsible for the energy supply of nerve cells as well as
neurotoxicity through oxidative phosphorylation. The
hippocampal structure in the brain is the core division for
spatial cognitive activity, and its mitochondria are very
sensitive to ROS and energy deficit, thus, hippocampal
mitochondrial dysfunction plays a key role in cerebral
ischemia-induced cognitive impairment [8]. In addition,
glutamate outflow and excessive extracellular glutamate
accumulation resulted from the death of nerve cells due
to energy deficit in turn could also lead to ischemic neuro-
nal death and cognitive disorder [9, 10]. Previous studies
suggested that cognitive deficit could be alleviated by
reversing brain mitochondrial dysfunction and reducing
excessive glutamate content in MID rats [4, 11, 12].

The sonic hedgehog (Shh)/patchedl (Ptchl) pathway
plays an important role in cell development, proliferation,
pattern, and fate specification [13-15], which mainly
includes Shh ligand, its receptor patched (Ptchl), and the
pathway activator smoothened (Smo) receptors. Briefly, the
binding of Shh to Ptch1 results in release of Smo, Smo activa-
tion, and subsequent activation of Gli transcription factors
(Gli1, Gli2, and Gli3) [16]. Current investigations had sug-
gested that activating Shh/Ptchl signaling pathway could
improve neurological function and alleviate vascular cogni-
tive impairment [17-19] and protect brain tissue from cere-
bral ischemia injury [20]. Importantly, the improvement of
mitochondrial function and the antagonism of glutamate
neurotoxicity of hippocampal neurons via activating Shh sig-
naling pathway had been reported [21, 22], which indicated
that Shh/Ptch1l-mediated mitochondrial function and gluta-
mate neurotoxicity played a critical role in alleviating damage
of chronic hypoperfusion in MID.

Kaixin San (KXS), a classic prescription of Beiji Qianjin
Yaofang, was used to treat “amnesia” for thousand years in
China and Southeast Asia. KXS is composed of Panax
ginseng C.A. Meyer. (Renshen), Poria cocos (Schw.) Wolf
(Fuling), Polygala tenuifolia Willd. (Yuanzhi), and Acorus
tatarinoxjuii Schott (Shichangpu). KXS had been reported
to improve cognitive dysfunction in many animal models of
Alzheimer’s disease (AD). Increasing number of studies had
also shown that these four herbs or combinations of them
were frequently used to alleviate the cognitive deficit in
dementia, such as VD and AD [23-25]. Our previous studies
had shown that KXS could alleviate memory impairment
through decreasing the content of y-aminobutyric acid
(GABA) and inducible nitric oxide synthase (iNOS) or
elevating the ATP content of brain tissue in MID rats [26].
However, the underlying mechanisms of KXS treating MID
remain unclear.
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In this study, we investigated the effects of KXS on rescu-
ing cognitive damage in MID rats based on its effects on reg-
ulating mitochondrial function and glutamate neurotoxicity
via activating the Shh/Ptchl signaling pathway. Our data
showed that KXS provided a neuroprotective effect on cogni-
tive impairment via improving mitochondrial function and
inhibiting glutamate neurotoxicity by activating Shh/Ptchl
signaling pathway in MID rats. Furthermore, our data also
proved that Shh/Ptchl signaling pathway played a key role
of against glutamate neurotoxicity of KXS in vitro.

2. Materials and Methods

2.1. Animals and Cell Line. 65 male Sprague-Dawley rats
(200 +20g, SPF) were purchased from Chengdu dashuo
experimental animal Co., Ltd. (Chengdu, China) and used
in this research. All rats were housed in an animal observa-
tion room of Chengdu University of Traditional Chinese
Medicine (temperature: 22 +2°C, humidity: 65+ 5%, 12-
hour light/dark cycle) and were free to access water and
food. The experimental procedure was approved by the
Ethics Committee for Animal Experiments of the Institute
of Material Medica Integration and Transformation for
Brain Disorders (Chengdu University traditional Chinese
medicine, No. IBD2017013) and carried out in accordance
with the NIH Guide for the Care and Use of Laboratory Ani-
mals (NIH Publication No. 85-23, 1985, revised 1996). Rat
pheochromocytoma-derived cell line PC12 cells (high differ-
entiation) were obtained from the cell bank of the Chinese
Academy of Sciences (Shanghai, China).

2.2. Materials and Reagents. Mesylate dihydroergotoxine
tablets (Lot No. 7C883T) were purchased from Tianjin
Huajin Pharmaceutical Co., Ltd. (Tianjin, China). Adenosine
triphosphate (ATP) disodium salt (Lot No. 1001665443),
adenosine diphosphate (ADP) disodium salt (Lot No.
101606467), adenosine monophosphate (AMP) disodium
salt (Lot No. 1001726877), and glutamate (Lot # SLCD3953)
were obtained from Sigma-Aldrich (USA). Cyclopamine
(Cyc, Cat# HY-17024/CS-0633) was provided by Med
Chem Express (MCE). The glutamic acid measurement kit
(Cat.NoA07411) was supplied by Nanjing Jiancheng Bioen-
gineering Institute (Nanjing, China). Tissue mitochondria
isolation kit (Cat.NoC3606) was furnished by Beyotime
Institute of Biotechnology (Shanghai, China). JC-1 kit (Cat.
No 551302) was produced by Becton-Dickinson and Com-
pany (USA). Primary antibodies, including Smo (66851-1-
Ig) and Glil (66905-1-1g), were provided by Wuhan Sanying
Biotechnology Co., Ltd., (Wuhan, China); NMDARI
(5704S) and p-NMDARI (3384S) were obtained from Cell
Signaling Technology (USA); Ptchl (NBP1-71662) was pro-
vided by Novus (USA).

2.3. Preparation and Analysis of KXS Extract. Panax ginseng
C.A. Meyer. (Renshen), Poria cocos (Schw.) Wolf (Fuling),
Polygala tenuifolia Willd. (Yuanzhi), and Acorus tatarinox-
juii Schott (Shichangpu) were purchased from the pharmacy
of Affiliated Hospital of Chengdu University of Traditional
Chinese Medicine (Chengdu, China). Renshen, Fuling,
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Yuanzhi, and Shichangpu were mixed at a ratio of 3:3:2:2
as reported previously [23, 27]. The above four Chinese
herbal pieces were soaked with 6 times of distilled water for
1 hour and then boiled 3 times for 1.5 h every time. The three
decoctions were merged, filtered, and condensed to 0.6 g/mL
at 80°C for animals administrated or 10g/mL for high-
performance liquid chromatography (HPLC) analysis. A
moderate amount of KXS extracts was dissolved in metha-
nol, centrifuged (13,000 rpm, 10 min), and filtered through
0.22 ym filter before HPLC analysis. The Agilent 1260 Infin-
ity High-Performance Liquid Chromatography instrument
(Agilent Technologies, Inc.) was used to analyze the KXS
extract solution, and chromatographic separation was per-
formed using an Agilent C18 Column (4.6 x 250 mm, 5 ym;
Agilent Technologies, Inc.) with a column temperature of
25°C, flow rate of 1 mL/min, and injection volume of 10 yL.
A gradient elution was provided with 0.1% formic acid water
as solvent A (80%~20%) and acetonitrile as solvent B
(20%~80%), and the effluent absorbance was measured at
210nm and 320 nm. The concentration of ginsenoside Rgl,
ginsenoside Rd, ginsenoside Rb1, polygalaxanthone III, and
3,6 -disinapoyl sucrose were used as reference compounds
to verify the main components of KXS extracts. For cell stud-
ies, the extracts were dried by a freeze dryer into powder for
storage. Before the treatment, the powder was redissolved
with water and filtered through a 0.22 ym filter to obtain
KXS extracts.

2.4. Animal Model and Administration. As previously
reported, an animal model of MID was established by
injecting homologous blood emboli into the right internal
carotid artery of male Sprague-Dawley rats [28]. Briefly, rat
microthrombus of 150-180 ym fine particles was prepared
in 20 mg/6 mL normal saline suspension early. After rats
were anesthetized by pentobarbital sodium 40 mg/kg, the
right internal carotid artery was exposed, and 0.4mL micro-
thrombus suspension was injected into the right internal
carotid artery in each rat to induce MID. The same surgical
procedure was implemented in the sham-operation group,
but microthrombus suspension was replaced with 0.4 mL
normal saline. Our previous study had proved that the dose
(high-dose KXS, 2.12g/kg and low-dose KXS, 1.06g/kg)
and the duration of treatment (once a day for 45 days) of
KXS had great therapeutic effects on MID rats [26]. There-
fore, we refer to the previous dose and time of administration
of KXS in this experiment. Two weeks later, the survive rats
(n=50) were randomly divided into model group (n = 10),
hydergine group (0.7 mg/kg, n =10, hydergine is the most
commonly used vasodilator in the treatment of MID, we used
it as a positive control to evaluate rats model and effective-
ness of KXS), high-dose KXS group (KXS H, 2.12g/kg, n=
10), and low-dose KXS group (KXS L, 1.06 g/kg, n=10)
according to body weight. Besides, 10 sham-operated rats
were used as control group. All animals were orally 10 mL/kg
administered with respective drugs except the control group
(administered with normal saline) once a day for 45d.

2.5. Morris Water Maze Test. Eight rats in each group were
tested in Morris Water Maze to assess the cognitive function.

The rats were placed in an EthoVision XT Morris water maze
video tracking test system that can automatically record time
for rats to find the platform. The procedure was performed as
previously described [29]. On the 40th day of drug interven-
tion, a 5-day hidden platform experiment started. The train-
ing time was 60s, and all animals were trained twice a day.
The time of finding the platform was recorded as the escape
latency. Attentively, it needed to be artificially guided to stay
on the platform for 10, and the escape latency was recorded
as 60 s if the rat did not find the platform in the first five days.
On the sixth day, the platform was removed to test the spatial
search ability of the rats, following the frequency of rats
passed through where the platform was initially placed was
recorded [30], the percent of time staying in target quadrant
and the time of first arrival at the platform zone within 60
were calculated.

2.6. Hematoxylin and Eosin Staining. The left hemisphere of
six rats in each group was fixed with 4% paraformaldehyde,
dehydrated, and embedded, cut into 5 ym slices, then stained
by hematoxylin for 30 min and eosin for 5 min, vitrified with
xylene, and sealed with neutral resin. The stained slices were
observed and photographed under an optical microscope for
examining the pathological changes in the hippocampal
CA1 region.

2.7. Measurement of the Mitochondrial Swelling and MMP.
Mitochondrial swelling and mitochondrial membrane poten-
tial (MMP) were measured with flow cytometry (FCM). The
hippocampal mitochondria of three rats in each group were
extracted strictly according to the tissue mitochondria isola-
tion kit. The isolated mitochondria were resuspended with
mitochondria storage buffer and adjusted to a concentration
of 1 x 10° cells/mL per tube, then detected with flow cytom-
etry (Bio-Rad, ZE5) for mitochondrial swelling. The ratio of
FSC/SSC reflects the degree of mitochondrial swelling. Simi-
larly, hippocampal cell suspension of 1x 10° cells/mL was
prepared, centrifuged, and resuspended with 500 L of JC-1
working solution. Then incubated at 37°C for 15 min, resus-
pended cells with PBS, then analyzed by flow cytometry for
MMP. The ratio of red/green (PE /FITC) fluorescence inten-
sity reflects the level of MMP.

2.8. Detection of Hippocampus Energy Charge (EC) with
HPLC. A total of 70 mg of hippocampus tissue was collected,
mixed with normal saline (weight of hippocampus : normal
saline volume = 1 : 10), and then disrupted with a homoge-
nizer. Then, 0.6 mL homogenate was needed, add an equal
volume of 0.5 mol/L perchloric acid, and centrifuged for 10
min at 12000g at 4°C. Furthermore, 0.8 mL supernatant was
collected, add 45 uL NaOH (5 mol/L) to neutralize PH, and
centrifuged for 10 min at 12000g at 4°C after standing for
30min. The supernatant was used for subsequent HPLC
detection. The Agilent 1260 Infinity High-Performance Liq-
uid Chromatography instrument (Agilent Technologies,
Inc.) was used to detect the contents of AMP, ADP, and
ATP, and chromatographic separation was performed using
an Agilent C18 Column (4.6 x 250 mm, 5 ym; Agilent Tech-
nologies, Inc.) with a column temperature of 25°C, flow rate



of 1 mL/min, and injection volume of 10 uL. A gradient elu-
tion was provided with 0.05% phosphate buffer (PH = 6.5)
as solvent A (98%~90%) and methanol as solvent B
(2%~10%), and the effluent absorbance was measured at
254 nm. The energy charge (EC) was calculated by the follow-
ing formula: EC=([ATP]+ 1/2[ADP])/([ATP] + [ADP] +
[AMP)).

2.9. Enzyme-Linked Immunosorbent Assay. A total of 60 mg
of brain tissue was weighed and mixed with PBS containing
1% PMSF. Then, the brain tissue was grounded with a
homogenizer and then centrifuged for 10 min at 5000¢g at
4°C. The supernatant was collected. Subsequently, superna-
tant (100 pL/well) was used to determine the concentrations
of glutamate strictly according to the kit instructions.

2.10. Western Blot Analysis. An appropriate amount of brain
tissue was lysed in RIPA lysate containing 1% PMSF, 1%
phosphatase inhibitor, and centrifuged at 4°C, 12000 g for
10 min. The supernatant was collected for detecting protein
concentration and western blot analysis. The target protein
was separated with SDS-PAGE, transferred to a PVDF mem-
brane, sealed with 5% BSA at room temperature for 90 min,
and incubated with the primary antibodies at 4°C overnight:
anti-Ptch1 (1:1000), anti-Smo (1:1000), anti-Glil (1:1000),
anti-NMDARI1 (1:1000), anti-p-NMDARI (1:1000), and
anti-GAPDH (1:5000). Subsequently, the target protein
was washed with TBST solution three times, incubated with
the secondary antibody (1:5000) at room temperature for
90 min, washed with TBST solution three times again, and
visualized by hypersensitive ECL kit. The relative expression
of the target proteins was analyzed using the Quantity One
software (Bio-Rad, USA).

2.11. Cell Culture and Cell Viability Assay. PC12 cells were
maintained in DMEM containing 10% fetal bovine serum
(FBS), 1% Penicillin streptomycin in a 5% CO, incubator at
37°C. PC12 cells were employed to investigate the effect of
KXS on antiglutamate neurotoxicity. To evaluate the effect
of glutamate on the PC12 cell viabilities, cells were presented
with glutamate at concentrations of 2.5, 5, 10, 20, and 40 mM
for 24h (37°C, 5% CO,). To evaluate the effect of KXS and
hydergine on cell viability, KXS at the final concentrations
of 31.25, 62.5, 125, 250, and 500 ug/mL and hydergine at
the final concentrations of 15.625, 31.25, 62.5, and 125 yg/mL
were added and cultured (37°C, 5% CO,) for 24 h. In addi-
tion, to evaluate the key role of KXS in antiglutamate neuro-
toxicity via Shh/Ptchl signaling pathway, PCI12 cells were
divided into control, model (glutamate, 5 mM), Glu+hyder-
gine (100 ug/mL), Glu+KXS L (freeze-dried powder, 50
ug/mL), Glu+KXS H (freeze-dried powder, 100 pug/mL),
and Glu+KXS H+cyclopamine (100 yg/mL, 5 uM). The cells
of Glut+hydergine, Glu+KXS L, Glu+KXS H, and Glu+KXS
H+cyclopamine groups were pretreated with the correspond-
ing concentration of drugs and were incubated for 2 h before
stimulation with glutamate (5 mM) for 24 h. The cells of the
model group were only stimulated with 5mM glutamate for
24 h. Afterward, 10 L of MTT (5 mg/mL) was added to each
well and incubated at 37°C for 4h. The formazan crystals
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were solubilized in 100uL of dimethylsulfoxide (DMSO),
and the absorbance was measured at 540 nm using a micro-
plate reader (Thermo Labsystems, Franklin, MA, USA). Cell
viability was calculated as a percentage of the vehicle control
group [31]. All of the absorption values were calculated by
averaging the results of each sample in triplicate.

2.12. Statistical Analysis. Data were expressed as mean +
standard error of the mean (SEM). Morris water maze escape
latency data were analyzed with a two-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparisons test.
The other data were analyzed by one-way ANOVA followed
by Dunnett’s multiple comparison test. The significance of
statistical differences was considered at p < 0.05.

3. Results

3.1. Quality Control of KXS Extracts. To control the quality of
KXS extracts, we used HPLC to quantify the main compo-
nents. A typical HPLC profile was developed for KXS extracts
(Figure 1), which served as an index for the identification of
KXS. Ginsenoside Rgl, ginsenoside Rbl, ginsenoside Rd,
polygalaxanthone III, and 3,6’ -disinapoyl sucrose are charac-
teristic components of KXS and were detected by HPLC. The
contents of those signature ingredients were 0.444 + 0.003
ug/mg, 0.330 +0.001 ug/mg, 0.877 +0.001 ug/mg, 0.745 +

0.0003 pg/mg, and 1.142 + 0.0006 ug/mg, respectively.

3.2. KXS Ameliorated Cognitive Impairment and Hippocampal
CAI Neuron Damage in MID Rats. To evaluate whether KXS
could ameliorate the memory dysfunction of MID rats, we
conducted the Morris Water Maze test for these rats. As
Figure 2(a) shows, the escape latency of each group (except
for the model group) remarkably shortened constantly with
the increased training days, and the model group exhibited
longer escape latency than the sham group (F(1, 10) =30.96,
P <0.001); administration of KXS-L (F(1,10)=33.9, p<
0.001) and KXS-H (F(1,10) =19.27, p<0.01) significantly
attenuated the increased latency to reach the platform. The
results of the spatial search test are shown in Figures 2(b)-
2(d), the frequency of crossing the platform and the percent
of time staying in the target quadrant were decreased in the
model group compared with the sham group (p<0.05
or p<0.01). The MID rats treated with KXS-L and
KXS-H both increased the time staying in the target
quadrant (p <0.01), and KXS-L can also increase the fre-
quency of crossing the platform of MID rats (p <0.01).
Besides, MID rats spent more time in arriving at the plat-
form zone (p <0.05), which can be shorten by hydergine
and high-dose KXS (p<0.05 or p<0.01). The above
results showed that KXS could ameliorate the memory
impairment of MID rats.

The hippocampal CA1 region is very sensitive to ische-
mic injury and closely related to cognitive function [32]. To
further investigate the role of KXS in alleviating cognitive
dysfunction, we detected the hippocampus pathology of
MID rats. As Figure 2(f) shows, compared with the sham
group, the pathology changes of hippocampus CA1 region
such as nerve cells necrosis and cell degeneration (blue
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F1GURE 1: The main components of KXS extract were determined by HPLC. (a) Renshen standards liquid. (b) Yuanzhi standards liquid.
(c and d) The KXS extracts. Peak 1: ginsenoside Rgl; peak 2: ginsenoside Rbl; peak 3: ginsenoside Rd; peak 4: polygalaxanthone III;

peak 5: 3,6'-disinapoyl sucrose.

arrow), a decrease in the number of neurons (red arrow) and
an enlarged gap (black arrow), the darkening of the nuclei
(yellow arrow), were obvious in the model group while those
pathological characteristics were markedly alleviated after
treatment with KXS and hydergine. Subsequently, we
counted the number of necrotic cells in the hippocampus
CAL1 region (Figure 2(g)). Our results showed that the num-
ber of necrotic cells in the model group was significantly
increased compared with the sham group (p <0.001). In
the rats treated with hydergine or KXS, the number of
necrotic cells was significantly reduced (p < 0.001). These
results suggested KXS could protect against hippocampal
histopathological alterations in MID rats.

3.3. Effects of KXS on Hippocampal Mitochondrial Functions
in MID Rats. Hippocampal mitochondrial dysfunction plays
a major role in the pathogenesis of VD [8, 11]. MMP and
mitochondrial swelling are considered important parameters
assessing mitochondrial bioenergy. To further investigate the
role of KXS on mitochondrial functions, we detected MMP
and mitochondrial swelling in the hippocampus of MID rats.
As Figure 3(a) shows, MMP decreased significantly in the
model group compared with the sham group (p <0.01).
However, the above lesion was reversed both in KXS-L and
KXS-H groups (p <0.05 or p < 0.01). As Figure 3(b) shows,
mitochondrial swelling was increased in the model group
compared with the sham group (p <0.01), while the path-
ological changes were ameliorated both in KXS-L and
KXS-H groups (p < 0.05).

Mitochondria supply the necessary energy to support the
survival and function of neurons. As Figures 3(c) and 3(d)
shows, the ATP and EC were decreased in the model group
(p <0.05); however, the content of ATP was significantly

increased in the KXS-L and KXS-H groups compared with
the model group (p <0.01 or p <0.05). Besides, the brain
EC was elevated in the KXS-L group (p <0.01). Given the
findings mentioned above, we believed KXS has protective
effects on hippocampal mitochondria.

3.4. Effects of KXS on Glutamate Neurotoxicity. Excessive
extracellular glutamate can lead to the overactivation of post-
synaptic glutamate receptors, like N-methyl-D-aspartate
receptor 1 (NMDAR1), which evokes mitochondrial dys-
function and neuronal dysfunction [33, 34]. Considering
the above factors, we wonder if KXS’s protective effects on
mitochondria and neurons are associated with reducing the
content of glutamate and p-NMDARI. As Figures 4(a)-4(c)
shows, the concentration of glutamate and expression level
of p-NMDARI were both increased in the model group
compared with the sham group (p < 0.05 or p <0.001). On
the contrary, the concentration of glutamate was reduced in
KXS H (p <0.05), and the expression level of p-NMDARI
was significantly downregulated in both KXS L and KXS H
groups (p <0.001) compared with the model group. This
experiment showed KXS could decrease the concentration
of glutamate and the level of p-NMDARI in MID rats.

To further study the against glutamate neurotoxicity of
KXS, we used glutamate to induce neurotoxicity in PC12 cells
and used this model to evaluate the antiglutamate neurotox-
icity of KXS. The results of glutamate, KXS, and hydergine on
the cell viabilities of PCI12 cells were presented in
Figures 4(d)-4(f). It could be found that KXS did not show
any toxicity of up to the concentration of 500 ug/mL, and
hydergine did not show any toxicity of up to the concentra-
tion of 125 ug/mL. However, glutamate at concentrations of
2.5-40 mM has significant toxicity on PC12 cells under 24h
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F1GuRrk 2: KXS alleviated cognitive impairment and hippocampal CA1 neuronal damage in MID rats. Escape latency (a, n = 8), frequency of
crossing the platform (b, n = 8), time to first reach the platform zone (c, n = 8), percent of time staying in the target quadrant (%, d, n=38),
representative traces of each group (e) in Morris Water Maze test. (f) Representative pictures of hematoxylin and eosin staining showed
KXS extracts attenuated the damage to the hippocampus CAl region in the MID rats (magnification: 200x). Nerve cell necrosis and cell
degeneration (blue arrow), a decrease in the number of neurons (red arrow) and an enlarged gap (black arrow), the darkening of the
nuclei (yellow arrow). (g) The necrotic cells count in the CAl region (n =6). The above data were presented as mean + SEM. *p < 0.05,
**p<0.01, and ***p <0.001 compared with the model group. The escape latency was performed by two-way ANOVA with Tukey’s
multiple comparisons test, and the others were performed by one-way ANOVA with Dunnett’s multiple comparison test.

culture time, and the cell viability of PC12 cells was reduced
to 60.71% after treated with 5 mM glutamate for 24 h. Thus,
glutamate at the concentrations of 5mM for 24h was used
to establish neurotoxicity. As shown in Figure 4(g), the cell
viability was significantly increased by treatment with KXS
and hydergine compared with the model group (p < 0.01 or
p <0.001). Consequently, these results indicated that KXS
can effectively reduce the concentration of glutamate and
level of p-NMDARI in MID rats and effectively inhibit the
neurotoxicity induced by glutamate in PC12 cells.

3.5. KXS Activated Shh/Ptchl Pathway in MID Rats and
against Glutamate Neurotoxicity in PCI2 Cells via
Shh/Ptchl Pathway. Recently, studies have shown that
activating the Shh signaling pathway can increase mitochon-
drial activities and protect hippocampal neurons against
glutamate-induced neurotoxicity [21]. To illuminate whether
the effects of KXS on improving mitochondrial function and
reducing glutamate neurotoxicity were related to Shh/Ptchl
signaling pathway, we detected the protein expression of
Ptchl, Smo, and Glil. As Figures 5(a)-5(d) show, the protein
levels of Ptchl, Smo, and Glil were significantly decreased
(p<0.01 or p<0.001) in the model group compared with
the sham group. After treatment with KXS, the protein levels
of Ptchl, Smo, and Glil were upregulated, respectively
(p <0.05, p<0.01, or p <0.001). To evaluate the key role of
Shh/Ptchl signaling pathway in antiglutamate neurotoxicity
of KXS, we detected the cellular activity of PC12 under gluta-
mate stimulation conditions. As Figure 5(e) shows, cyclopa-
mine (a Shh pathway antagonist) could significantly inhibit
the protective effect of KXS on glutamate neurotoxicity in
PC12 cells (p < 0.05).

4. Discussion

Kaixin San is a classic Chinese medicine prescription for forget-
fulness and has been testified to improve cognitive impairment
in many types of animal dementia models [23, 24, 35, 36].
Our present study demonstrates that treatment with KXS
(i) improves cognitive dysfunction and alleviates hippocam-
pal neuron damage of MID rats, (ii) rescues mitochondrial
dysfunction through upregulating brain energy, alleviating
mitrochondrial swelling and improving MMP under
chronic hypoperfusion conditions, (iii) inhibits glutamate
neurotoxicity via decreasing the content of glutamate and
the level of p-NMDARI in MID rats, and (iv) activates
Shh/Ptchl signaling pathway in MID rats and protects
PC12 cells against glutamate neurotoxicity through Shh/
Ptchl signaling pathway. Collectively, improving mito-
chondrial quality and inhibiting glutamate neurotoxicity
via activating Shh/Ptchl signaling pathway constituted part
of an essential mechanism of KXS to provide the neuropro-
tective effect on MID rats.

Multiple-infarct dementia (MID) is the most common
type of vascular dementia (VD). MID’s clinically pathological
changes are common in atherosclerosis and hypertensive
arteriole disease [37]. The thrombus fragments fall oftf and
enter the blood circulation after arteriosclerosis. When
thrombus fragments pass the small branches of the cerebral
blood vessels form blockages, which results in brain tissue
ischemia and hypoxia (chronic hypoperfusion) and then
causes brain tissue damages and cognitive impairment
[3, 38]. So chronic hypoperfusion is considered to contribute
significantly to brain tissue damage and cognitive decline.
Multiple infarcts and thromboembolism model are the
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Ficure 3: Effects of KXS on hippocampal mitochondrial functions in MID rats. (a) Flow cytometry analysis and quantification of
mitochondrial membrane potential (MMP). (b) Flow cytometry analysis and quantification of mitrochondrial swelling. (c) The content of
ATP in MID rats. (d) The level of EC. The above data were presented as mean + SEM (n=3). *p <0.05, **p <0.01, and ***p <0.001
compared with the model group. Comparisons were performed by one-way ANOVA with Dunnett’s multiple comparison test.

most relevant model to VD [38]. In this study, the
microthromboembolism-induced MID rats were used to
simulate conditions of chronic cerebral hypoperfusion and
utilized to evaluate the effects of KXS on cognitive dysfunc-
tion. As a vasodilator, clinical research had shown that
hydergine could increase oxygen uptake as well as improve
cerebral blood flow and decrease vascular resistance in
patients with cerebrovascular disease, such as VD and MID
[39]. So it is commonly used for treating patients with either
dementia or “age-related” cognitive symptoms [40]. Like pre-
vious studies [41-43], we used hydergine as a positive control
as well. Our results showed that the learning-memory ability
was severely impaired in about 2 months after microthrom-
boembolism surgery in rats, and these results were consistent
with previous studies in MID model rats [4, 28]. Moreover,
our data also showed that KXS could ameliorate the cognitive
impairment of MID. It is widely known that the hippocam-
pus CAl region is an important area that is associated with
learning and memory impairment [44]. Similar to the above
results, the results of our study illuminated that nerve cell
necrosis and cell degeneration were obvious in the model
group rats while these changes dramatically reduced after
KXS treatment. These results showed KXS alleviated cogni-
tive impairment and hippocampal neuron injury in MID
rats.

Glutamate plays an important role in neuronal develop-
ment, axon guidance, brain development and maturation,
learning and memory, and synaptic plasticity [45, 46]. But,
excessive concentration of extracellular glutamate is neuro-
toxicity, known as glutamate excitotoxicity, which is the lead-
ing mechanism of neuronal death and cognitive disorder in
cerebral ischemia disease [9, 47, 48]. It is reported that hypo-
perfusion (a main contributor to MID) can trigger hypoxia
and glucose deprivation in nerve cells, which results in mem-
brane depolarization and glutamate outflow [49]. Studies
have reported that glutamate acts on glutamate receptors,

such as the N-methyl-D-aspartate receptors (NMDARs),
specifically the NMDARI1 subunit, and leads to neuronal
hyperexcitability and death [50, 51]. Consistent with previ-
ous studies, our study showed that MID-induced chronic
cerebral hypoperfusion increased the content of glutamate
and p-NMDARI, while KXS reduced the levels of glutamate
and p-NMDARI. In addition, our results also showed KXS
could effectively inhibit the neurotoxicity of glutamate in
glutamate-induced PC12 cells. Therefore, it is reasonable to
suspect that antiglutamate neurotoxicity plays an important
role in the neuroprotective effect of KXS.

Hippocampus is key for spatial learning and memory,
which is most sensitive to ischemic insult, and its mito-
chondrial damage plays an important role in the patho-
genesis of VD [8]. Excessive glutamate can also induce
mitochondrial dysfunction through activating NMDA
receptors, which results in Ca®" influx and MMP collapse
[34]. Glutamate excitotoxicity can induce mitochondrial
dysfunction, and mitochondrial damage can exacerbate
glutamate excitotoxicity as well. For instance, energy fail-
ure, an early consequence of hypoxia-ischemia and the
key sign of mitochondrial dysfunction, renders neurons
vulnerable to excitotoxicity [52]. Mitochondrial energy
metabolism, MMP, and mitochondrial swelling are major
parameters to assess mitochondrial bioenergy [53, 54]. In
our study, KXS increased ATP content and hippocampus
MMP and decreased the degree of mitochondrial swelling
in the MID rats, which revealed that KXS can improve
mitochondrial quality and against glutamate excitotoxicity
to ameliorate learning and memory impairment and neu-
ron damage in MID rats.

Shh/Ptchl signaling pathway is involved in cell develop-
ment, survival, and differentiation in kinds of cells, including
neurons [55]. Dysfunction or aberrant activation of the
Shh signaling pathway is associated with developmental
deformities and cancers [56]. Recently, beneficial actions
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F1GURE 4: Effects of KXS on the concentration of glutamate and expression of p-NMDARI1 in MID rats and anti-glutamate neurotoxicity
in vitro. (a) Concentration of glutamate in MID rats brain tissue (mean +SEM, n=5). (b) Representative western blot images of
p-NMDARI and NMDARI. (¢) Quantification of p-NMDARI/NMDARI ratio (mean + SEM, n=3). (d) The viability of the different
doses of glutamate in PC12 cells (mean + SEM, #n = 3). (e) The viability of the different doses of KXS in PC12 cells (mean + SEM, n = 3).
(f) The viability of the different doses of hydergine in PC12 cells (mean + SEM, n =3). *p <0.05, **p <0.01, and ***p < 0.001 compared
with the model group. Comparisons were performed by one-way ANOVA with Dunnett’s multiple comparison test.

of activating canonical Shh/Ptch1 signaling pathway in cere-
bral ischemic injury have been reported, such as enhancing
neurogenesis and white matter remodeling, antioxidation,
antiexcitotoxicity, and antiapoptosis [18, 20, 57, 58]. Besides,
a study reported the effects of activating the Shh/Ptchl sig-
naling pathway on reducing glutamate neurotoxicity by
“nNOS-Sox2-Shh” axis, which functions as a novel feedback
compensatory mechanism to protect neurons against the
early excitotoxicity and ischemic injury [59]. Furthermore,

an increasing number of studies had shown that Shh/Ptchl
signaling pathway can also protect neurons against patholog-
ical stressors that cause or promote neuronal dysfunction by
increasing mitochondrial mass and function [18, 21]. The
Shh/Ptch1 signaling pathway mainly consists of Shh ligand,
patched (Ptchl), and Smoothened (Smo) receptors, and
Gli transcription factors (Glil, Gli2, and Gli3). When the
Shh ligand binds to Ptchl, it relieves the repression on
Smo and ultimately activates Gli transcription factors
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FI1GURE 5: KXS activated Shh/Ptchl pathway in MID rats and against glutamate neurotoxicity in PC12 cells via Shh/Ptchl pathway.
(a) Representative western blot images of Ptch1, Smo, and Glil. Quantifications of Ptch1/GAPDH (b), Smo/GAPDH (c), and Glil/GAPDH
ratio (d). (e) The effect of KXS H and cyclopamine on glutamate-induced PC12 cells neurotoxicity. Above data were presented as mean + SEM
(n=3). *p<0.05, **p<0.01, and ***p<0.001 compared with the model group. *p <0.05 compared with the Glu+KXS H group.
Comparisons were performed by one-way ANOVA with Dunnett’s multiple comparison test.

[60]. Gli transcription factors, especially Glil, are used as
indicators of the activation of the Shh signaling pathway
[61, 62]. In this experiment, we demonstrated that KXS
could activate Shh/Ptchl signaling pathway with upregu-
lating the expression levels of Ptchl, Smo, and Glil in
MID rats (Figures 5(a)-5(d)). Furthermore, cellular level
experiment indicated that the inhibition of the Shh/Ptchl

signaling pathway by cyclopamine can inhibit the protec-
tive effect of KXS on glutamate-induced neurotoxicity in
PC12 cells (Figure 5(e)). The above results suggested the
neuroprotective effects of KXS (improved mitochondrial
quality and inhibited glutamate neurotoxicity) in MID rats
may work through activating the Shh/Ptchl signaling
pathway.
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5. Conclusion

In summary, this study is the first to demonstrate that KXS
could resist glutamate neurotoxicity and rescue mitochon-
drial function through activating the Shh/Ptchl signaling
pathway, thereby easing cognitive dysfunction and neurolog-
ical deficits of MID (Figure 6). The present study may further
offer basic information about the neuroprotective effect of
KXS and indicate that KXS might be developed as an effective
intervention drug of MID.
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Objective. The objective of this study was to investigate the potential molecular mechanisms of ATPase H" transporting V1 subunit
A (ATP6V1A) underlying Alzheimer’s disease (AD). Methods. Microarray expression data of human temporal cortex samples from
the GSE118553 dataset were profiled to screen for differentially expressed genes (DEGs) between AD/control and ATP6V1A-
low/high groups. Correlations of coexpression modules with AD and ATP6V1A were assessed by weight gene correlation
network analysis (WGCNA). DEGs strongly interacting with ATP6V1A were extracted to construct global regulatory network.
Further cross-talking pathways of ATP6V1A were identified by functional enrichment analysis. Diagnostic performance of
ATP6VIA in AD prediction was evaluated using area under the curve (AUC) analysis. Results. The mean expression of
ATP6VI1A was significantly downregulated in AD compared with nondementia controls. A total of 1,364 DEGs were overlapped
from AD/control and ATP6V1A-low/high groups. Based on these DEGs, four coexpression modules were predicted by
WGCNA. The blue, brown, and turquoise modules were significantly correlated with AD and low ATP6V1A, whose DEGs were
enriched in phagosome, oxidative phosphorylation, synaptic vesicle cycle, focal adhesion, and gamma-aminobutyric acidergic
(GABAergic) synapse. Global regulatory network was constructed to identify the cross-talking pathways of ATP6V1A, such as
synaptic vesicle cycle, phagosome, and oxidative phosphorylation. According to the AUC value of 74.2%, low ATP6VIA
expression accurately predicted the occurrence of AD. Conclusions. Our findings highlighted the pleiotropic roles of low
ATP6VI1A in AD pathogenesis, possibly mediated by synaptic vesicle cycle, phagosome, and oxidative phosphorylation.

1. Introduction

Alzheimer’s disease (AD), referring to a progressive neuro-
degenerative disease, is pathologically characterized by
extracellular senile plaques composed of amyloid beta
(Ap), neurofibrillary tangles composed of hyperphosphory-
lated tau, and neuron loss [1, 2]. In brain parenchyma of
AD, A peptide is derived from continuous cleavage of
amyloid precursor proteins (APP) by 8- and y-secretases,

with its deposition depending on the balance between pro-
duction and removal [3, 4]. As the major processing com-
partment for Ap, lysosomes rely on an acidic environment
of pH less than 5.0 to activate proteases for A3 degradation
[4, 5]. This gradient of acidification is potentially mediated
by vacuolar H'-ATPase (V-ATPase), a multisubunit enzyme
consisting of VO and V1 sectors that pumps protons into the
lysosomal lumen by ATP consumption [6]. Dysfunction of
V-ATPase-dependent acidification disrupts the trafficking
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of substrates between endolysosomal compartments, which
may facilitate molecular steps for neuronal degeneration,
such as AD [7].

ATPase H' transporting V1 subunit A (ATP6V1A)
encoding a peripheral subunit in V1 sector of V-ATPase
constitutes ATP-binding interface and catalyzes ATP hydro-
lysis [8]. The resultant energy is then coupled with a ring of
proteolipid subunits in VO sector, giving rise to proton trans-
location across the membrane [9]. For instance, ATP6VIA
assembles with VO subunits to form the glucose-dependent
complex of V1/Vo sectors that drives proton transport;
simultaneously, this process can be interrupted by reversible
dissociation of the complex into component VO and V1 [10].
Several lines of evidence have demonstrated that misrouting
VO subunit-induced proton translocation contributed to
defective lysosomal acidification, a devastating manifestation
in virtually all lysosomal storage and neurodegenerative dis-
eases [11-13]. However, the pathophysiological mechanism
of AD due to dysfunction of V1 subunits (e.g., ATP6V1A)
remains elusive and is difficult to be verified by traditional
biological methods. Accordingly, we sought to perform a
comprehensive bioinformatics analysis of ATP6V1A based
on gene expression data and functional annotations, aiming
to elucidate the molecular functions of ATP6V1A underlying
the pathogenesis of AD.

2. Materials and Methods

2.1. Data Resources. The RNA microarray data of human
postmortem temporal cortex samples, including 45AD
patients and 24 nondementia controls, were downloaded
from the GSE118553 dataset of Gene Expression Omnibus
(GEO, https://www.ncbi.nlm.nih.gov/geo/) [14]. This data-
set was analyzed using Illumina HumanHT-12 V4.0 expres-
sion beadchip on the platform of GPL10558. Taking the
average expression of ATP6V1A as the cut-off line, enrolled
samples were dichotomized into two groups: the ATP6V1A-
low group and the ATP6V1A-high group. Similarly, samples
were divided into age-low/high groups according to the cut-
off line of the mean age. The odds ratio (OR) was calculated
by logistics regression analysis to detect the potential predic-
tors of AD (Table 1). Low-expressed probes were removed to
retain the highest one if a gene corresponded to multiple
probes. Gene expression profiles were preprocessed by nor-
malization adopting the normalizeBetweenArrays function
in the limma package of R software version 3.6.2 [15].

2.2. Gene Set Enrichment Analysis (GSEA). GSEA analysis
was conducted to screen out the biological processes (BP)
of gene ontology terms that were significantly enriched in
phenotypes of AD and low ATP6V1A expression [16, 17].
The number of permutations was set to 1000 and normalized
P <0.05 was considered for significant enrichment. The
results of GSEA were visualized by using ClusterProfler,
enrichplot, ggplot2, and GSEABase packages.

2.3. Differential Expression Analysis. The ImFit and eBayes
functions in limma packages were used to filtrate differen-
tially expressed genes (DEGs) between AD/control and
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ATP6V1A-low/high groups. Analyses of two-dimensional
hierarchical clustering and volcano plot were conducted
employing the limma package in R. Threshold of statistical
significance was defined as fold change (FC) > 1.5 and a false
discovery rate- (FDR-) adjusted P < 0.05 [15, 18, 19].

2.4. Coexpression Network Analysis. Data of DEGs over-
lapped from AD/control and ATP6V1A-low/high groups
were processed by weight gene correlation network analysis
(WGCNA). Outlier samples were eliminated in clustering
dendrogram to ensure the reliable outcome of coexpression
network using the hclust function. The soft thresholding
power of 6 was selected by pickSoftThreshold function to
make the network conform to the power-law distribution
and close to the real state of biological network [20]. Cluster-
ing tree was dissected into branches to construct coexpres-
sion modules of at least 30 genes, which were visualized by
different color labels [21, 22]. The labeledHeatmap function
was used to display the correlation values within a heatmap
plot of module-trait relationships. Functional enrichment
analysis of Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways were performed using clusterProfiler
package.

2.5. Construction of Global Regulatory Network and Cross-
Talking Pathways of ATP6V1A. The intramodular connectiv-
ity and genetic phenotype were measured by module mem-
bership (MM) and gene significance (GS), respectively.
Scatter diagram of the relationship between MM and GS
was plotted using verboseScatterplot function [23]. According
to the empirical criteria of MM > 0.4 and GS > 0.5, DEGs
strongly interacting with ATP6VI1A expression were
extracted, thus to construct global regulatory network of pro-
teins based on the STRING database (Search Tool for the
Retrieval of Interacting Genes, https://www.string-db.org/)
[24]. The cross-talking pathways of ATP6V1A were identi-
fied by functional enrichment analysis of KEGG pathways.
Visualization of global regulatory network and cross-talking
pathways of ATP6V1A was accomplished adopting cytoscape
software [25].

2.6. Signature Genes of a Pathway. The correlation between
genes was quantitatively determined by Pearson correlation
coefficient (PCC) analysis [26]. For each cross-talking path-
way, the five genes with the highest PCC were designated
as signature genes, whose expression was most strongly
correlated with other genes of the pathway [27]. If the sig-
nature genes of a pathway were significantly correlated
with ATP6VIA expression, ATP6VIA was recognized to
modulate or mediate the pathway.

2.7. Analysis of Area under the Curve (AUC). The pROC
function was used to estimate diagnostic performance of
ATP6V1A in distinguishing AD from nondementia. Under
continuous threshold conditions, classification performance
was displayed via receiver operating characteristic (ROC)
curves, and the discrimination was quantified by measuring
AUC. As a method widely applied in medical diagnostics,
AUC analysis estimated the probability of a model that could
accurately differentiate the occurrence of events among
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TaBLE 1: Logistics regression analysis to detect AD predictors.

- _ _ Logistics regression analysis
Characteristics AD (n=45) Control (n =24) OR SE P value
Gender (female/male) 25/20 10/14 1.058 0.618 0.928
Age (low/high) 82.7+9.8 71.5+16.9 0.246 0.628 0.026*
ATP6V1A (low/high) 8.04+0.41 8.42 +0.46 5.831 0.586 0.003"*

*P <0.05; **P < 0.01; AD: Alzheimer’s disease; OR: odds ratio; SE: standard error.

randomly selected individuals [28]. An AUC value of 100%
was for complete prediction and 50% for random selection.
All P values were bilateral, and statistical significance at
P <0.05 was selected.

2.8. Cell-Type Proportion Analysis. To assess the proportion
of cell types in the bulk tissue RNA-seq data in our study, a
cell-type deconvolution on each sample was conducted by
the brain cell-type marker signatures provided by the BRETI-
GEA R package [29]. Each cell type (e.g., neurons, endothelial
cells, oligodendrocytes, microglia, astrocytes, and oligoden-
drocyte precursor cells (OPCs)) using 1000 marker genes
from the human brain cell marker gene set was computed
to generate an estimate of all surrogate cell-type proportion
values (SPVs). Adopting the default parameters and the SPVs
calculated above, the bulk RNA-seq data was normalized by
BRETIGEA function.

2.9. Cell-Type Specificity Plot. To generate the cell-type spec-
ificity plot, each squared expression was calculated as a vector
and plotted from the center on a polar coordinate system
based on the mean cell-type gene expression from Zhang
et al. [30]. Thereafter, the vector sum of expression values
for each gene were measured and multiplied by a scaling
coeflicient to form a final point as an estimate of the cell-
type specificity for any gene under consideration.

3. Results

3.1. Baseline Characteristics of Samples and Identification of
DEGs. The flowchart of study design was shown in Figure 1.
The mean expression of ATP6V1A in the temporal cortex of
AD (8.04 + 0.41) was significantly lower than that of nonde-
mentia controls (8.42 +0.46; P=0.001) (Figure 2(a)). This
was consistent with western blot (Supplementary Figures 1A
and 1B) and qRT-PCR (Supplementary Figure 1C) analyses
of ATP6V1A expression between Mount Sinai Brain Bank
(MSBB) Brodmann area 36 parahippocampal gyrus (BM36-
PHG) samples of AD and normal controls [31]. Logistics
regression analysis revealed that old age (OR =0.246; P =
0.026) and low ATP6VIA expression (OR=5.831; P=
0.003) were causally related to AD (Table 1). After removing
unannotated and duplicate genes, 20,759 background genes
were included for differential expression analysis. There
were 3,416 DEGs (1,675 up- and 1,741 downregulated
genes) filtrated in AD versus nondementia controls
(Figure 2(b)). Whilst 5,303 DEGs (1,820 up- and 3,483
downregulated genes) were differentially expressed in
ATP6V1A-low compared with high cohort (Figure 2(c)).

Finally, 1,364 DEGs (577 up- and 787 downregulated
genes) were overlapped from AD/control and ATP6V1A-
low/high groups. Heatmap of the DEGs between AD and
nondementia controls was plotted in Figure 2(d).

3.2. Coexpression Modules and Functional Enrichment
Analysis. All samples passed the cut-off line with a height of
25 and were hierarchically clustered by the average linkage
(Figure 3(a)). Four coexpression modules (Figure 3(b)) were
established by WGGNA, among which the grey module
composed of noncoexpressed genes was regarded as the
invalid module. Heatmap of module-trait relationships
(Figure 3(c)) showed that blue module was positively corre-
lated with AD (correlation coefficient = 0.65, P =1e—09)
and negatively associated with ATP6VI1A (correlation
coefficient = —0.63, P =5e—09), whereas brown and tur-
quoise modules had a negative correlation with AD (brown:
correlation coefficient =-0.58, @ P=2e—-07;  turquoise:
correlation coefficient = —-0.57, P=3e-07) and positive
association with ATP6V1A (brown: correlation coefficient
=0.59, P =le - 07; turquoise: correlation coefficient =0.92,
P =3e-28). Annotation of KEGG pathway (Figure 3(d))
was accomplished by functional enrichment analysis, show-
ing that the DEGs in blue module were involved in proteogly-
cans in cancer and focal adhesion; the DEGs of brown
module participated in biosynthesis of amino acids, dopami-
nergic synapse, and synaptic vesicle cycle; the DEGs in tur-
quoise module were enriched in phagosome, dopaminergic
synapse, oxidative phosphorylation, synaptic vesicle cycle,
and gamma-aminobutyric acidergic (GABAergic) synapse.

3.3. Global Regulation Network and AUC Analysis of
ATP6VIA. As shown in Figure 4(a), scatter diagram
between MM and GS (Figure 4(a)) showed a significant
correlation between intramodular connectivity and genetic
phenotypes in the blue, brown, and turquoise modules
(blue: correlation coefficient =0.71, P=9.2e —27; brown:
correlation coefficient =0.54, P=6.9¢—-12;  turquoise:
correlation coefficient = 0.94, P=1e-200), but not in the
grey module (correlation coefficient=-0.31, P=0.2).
Thereafter, DEGs strongly interacting with ATP6VIA
(MM > 0.4 and GS>0.5) were extracted and displayed in
the global regulation network (Figure 4(b)). Further cross-
talking pathways of ATP6V1A, including phagosome, oxida-
tive phosphorylation, and synaptic vesicle cycle, were identi-
fied (Figure 4(c)). The result of AUC analysis (AUC = 74.2%)
exhibited a good diagnostic performance of low ATP6V1A
expression in AD onset (Figure 4(d)).
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FiGURrk 1: The flowchart of study design. AD: Alzheimer’s disease.

3.4. Verification of ATP6V1A-Mediated Pathway and GESA
in BP. Five signature genes in each cross-talking pathway
were determined by PCC analysis (Supplementary Table 1).
As shown in Figure 5(a), each signature gene was
significantly positively correlated with ATP6VIA expression
(P <0.05). In the AD group, the major enrichment of BP
involved memory, neurotransmitter secretion, regulation of
synaptic plasticity, signal release from synapse, and synaptic
vesicle cycle (Figure 5(b)). In the ATP6V1A-low group, the
primary enrichment of BP consisted of cellular respiration,
neurotransmitter secretion, oxidative phosphorylation, signal
release from synapse, and synaptic vesicle cycle (Figure 5(c)).

3.5. Cell-Type Specificity of Signature Genes. As shown in
Supplementary Figure 1D, a decrease in neurons combined
with an increase of OPCs, oligodendrocytes, astrocytes, and
endothelial cells were observed, indicating the significant
and unique changes in the cell-type composition in AD. As
shown in Supplementary Figure 1E, the cell-type specificity
of signature genes (including ATP6V1A) was examined by
using RNA-seq data derived from different types of
cultured brain cells, such as neurons, astrocytes, microglia,
endothelial cells, and oligodendrocytes, which presented the
downregulation of signature genes in neurons (ATP6V1A,
SYT1, SNAP25, NDUFB5, NDUFES3, ATP6V1E1, NSF, and
ATP6V1Gl), oligodendrocytes (ATP6V1B2), and astrocytes
(TUBB2A, TUBA4A, and TUBB3).
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4. Discussion

In this study, the comparison of ATP6V1A expression was
assessed between AD and nondementia controls. Intrigu-
ingly, we found downregulation of ATP6V1A in the tempo-
ral cortex of AD, a preferential region susceptible to AD
neurodegeneration [32]. Further analyses of GSEA involving
20,759 background genes demonstrated that DEGs in AD
and ATP6V1A-low cohorts were enriched in neurotransmit-
ter secretion, signal release from synapse, and synaptic vesi-
cle cycle. Of particular note was that these biological
processes were possibly related to AD as well as low
ATP6V1A expression. In secretory vesicles, V-ATPase was
observed to drive neurotransmitter uptake by establishing
proton and membrane potential gradients, hence linking
the V-ATPase to neurosecretion of synaptic vesicles [33].
Herein, we constructed global regulatory network and coex-
pression modules of DEGs interacting with ATP6V1A to
illustrate the genome-scale mechanism of ATP6V1A in AD
pathophysiology.

The results emerging from WGCNA revealed that the
blue, brown, and turquoise modules were significantly corre-
lated with AD and ATP6V1A, which were involved in phago-
some, oxidative phosphorylation, synaptic vesicle cycle, focal
adhesion, and GABAergic synapse. Among them, synaptic
vesicle was found to tightly pack and store quanta of neuro-
transmitter molecules in nerve terminals [34]. Progressive
dementia of AD was largely attributed to synaptic defects that
were not functioning optimally even before structural deteri-
oration [35]. Both biochemical and stereological evidence of
AD presented a better correlation of cognitive decline with
reduced synapse density than either A or NFT aggregates,
highlighting the fundamental role of synaptic vesicle in AD
pathogenesis [36, 37]. Notably, loading of neurotransmitters
into synaptic vesicle required a proton gradient, which was
precisely dependent on the multisubunit V-ATPase [38]. By
contrast, abolishment of proton gradient has dramatic conse-
quences for neurotransmitter release in synaptic vesicle,
which should be taken into account when assessing the
effects of molecular perturbation of ATP6V1A. Indeed, the
effects of V-ATPase on synaptic vesicle were not only
restricted to proton pumping and neurosecretion but also
implicated in filling downstream and synaptic vesicle fusion
[39, 40]. Genomic studies in mice and flies have shown that
knockout of ATPase caused impaired presynaptic transmis-
sion, along with alterations in the amount and morphology
of synapses [41, 42]. These were important processes of V-
ATPase deficiency contributing to cognitive impairment
and neuronal degeneration [7], consistent with our findings
of the participation of low ATP6V1A-mediated synaptic ves-
icle cycle in AD pathogenesis.

Apart from synaptic vesicle cycle, functional enrichment
analysis revealed that ATP6V1A was involved in phagosome
and oxidative phosphorylation in AD. In terms of phago-
some pathway, it was a step in the degradation processes
for lysosome, an acidic and degradative organelle in cells
that received and digested all sorts of macromolecules via
endocytosis, phagocytosis, and autophagy [43]. During
phagocytosis, the particle remained compartmentalized in
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phagosomes and eventually underwent lysosomal degrada- [45, 46]. The results obtained here were supported by inhibi-
tion through the phagosome pathway, an important cause  tion of phagocytosis using cytochalasin D and cyclo-
of neuronal loss in AD neuropathology [44, 45]. Previous (RGD{V), both of which prevented neuronal loss and unex-
studies showed that A potently activated the phagocytic ~ pectedly increased survival cells in pathologically affected
capacity, by which neurons were eliminated before they died ~ regions of AD [47]. Much evidence has underscored the
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viewpoint of bioenergetic failure and mitochondrial mal-
function in preclinical and established AD [48, 49]. In addi-
tion, oxidative phosphorylation has important roles in
mitochondrial ATP production and is modulated by respira-
tory enzyme complexes I-V [50, 51]. In AD model of triple
transgenic mice, deregulations of complexes I and IV were
tau- and Af3-dependent, respectively, which was implicated
in reduction of mitochondrial proteins [52]. This provided
support for the synergistic role of A and tau in perishing
mitochondria, leading to reactive oxidative species (ROS)
production, bioenergetic exhaustion, and neuronal apoptosis
[53, 54]. There was also evidence that mitochondrial DNA
mutation in V-ATPase contributed to various defects of oxi-
dative phosphorylation [55, 56]. Inhibition of V-ATPase by
Bafilomycin impaired decoupling of oxidative phosphoryla-
tion and thus to insufficient energy of neurons [57, 58];
meanwhile, energy could be supplemented by return of oxi-
dative phosphorylation upon reoxygenation, which in turn
activated V-ATPase [59]. Likewise, our findings supported
the likelihood that low expression of ATP6V1A participated
in oxidative phosphorylation and that enhancement of
ATP6V1A could be neuroprotective in AD.

The results of logistics regression analysis revealed a
causal relationship of AD with elder age and lower
ATP6V1A expression, suggesting that either downregulation
of ATP6V1A or increase of age might be a pathogenic factor
of AD. Evidence in transgenic APP/PS1 model of mice
showed that defects of V-ATPase and axonal transport were
early pathogenic events deteriorated with age, leading to
accumulation of APP and synaptic AB [60, 61]. On basis
of DEGs that were strongly interacting with ATP6V1A,
global regulatory network was constructed to identify the
cross-talking pathways of ATP6V1A, including synaptic ves-
icle cycle, phagosome, and oxidative phosphorylation. The
analysis of PCC showed significantly positive correlation of
ATP6V1A with signature genes of each cross-talking path-
way, which provided computational statistical evidence for
the involvement of low ATP6V1A in AD pathogenesis via
synaptic vesicle cycle, phagosome, and oxidative phosphory-
lation. The AUC analysis showed that low ATP6V1A
expression accurately predicted AD onset, also implying
ATP6VI1A to be a potential biomarker of AD. Cell-type pro-
portion analysis exhibited a decrease in neurons along with
an increase of OPCs, oligodendrocytes, astrocytes, and endo-
thelial cells, in line with the significant and unique changes
in response to misfolded or polymerized Af in AD [62].
As supported by experiments using Western blot and qRT-
PCR, downregulation of ATP6V1A was identified in MSBB
BM36-PHG samples of AD relative to normal controls
[31]. Cell-type specific analysis presented the downregula-
tion of signature genes in neurons (ATP6V1A, SYTI,
SNAP25, NDUFB5, NDUEFS3, ATP6V1El, NSF, and
ATP6V1Gl1), oligodendrocytes (ATP6V1B2), and astrocytes
(TUBB2A, TUBA4A, and TUBB3), supporting the linkage
of low ATP6V1A with phagosome of astrocytes, neuronal
synaptic vesicle cycle, and oxidative phosphorylation. Fur-
ther in vivo or in vitro experiments are encouraged to verify
the low ATP6V1A-mediated pathways underlying AD pro-
posed in the current study.
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5. Conclusions

Overall, the work undertaken in this study suggests that bio-
informatics analysis is a promising approach to investigate
the complex pathways of ATP6V1A in AD occurrence. Based
on our findings, low expression of ATP6V1A was involved in
the pathogenesis of AD, which might be mediated via synap-
tic vesicle cycle, phagosome, and oxidative phosphorylation.
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