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ARTICLE INFO ABSTRACT

Keywords: Objective: To explore the mechanism by which rop16;,-deficient/gral5;-dominant toxoplasma gondii Chinese 1
T.gondii Chinese 1 genotype Wh3 strain genotype Wh3 (TgCtwh3 Arop16;p) strain induced neuron apoptosis, APP and BACE1 production in vivo and
ROP16y1 Vitro,

Hippocampal neuron

Method: BALB/c mice were infected by intraperitoneal injection with TgCtwh3 wild type (TgCtwh3 WT) and
TgCtwh3 Arop16y/y; tachyzoites, respectively. One week after infection, the morphology and number of hippo-
campal neurons were examined by hematoxylin-eosin (H&E) and Nissl staining. Expression levels of apoptosis-
related proteins, APP, BACE1 as well as inflammatory factors proteins and genes in the hippocampus were
evaluated using western blotting and qRT-PCR. The hippocampal neuron cell line HT22 was infected with
TgCtwh3 WT and TgCtwh3 Aropl6;,; tachyzoite, respectively, and the expression of target proteins was
analyzed through immunofluorescence staining and western blotting. Furthermore, HT22 apoptosis was assessed
using flow cytometry.

Result: BALB/c mice injected with TgCtwh3 Arop16;,; tachyzoites presented abnormal appearance and posture
changes as well as declined vitality. The hippocampus assay demonstrated that TgCtwh3 Arop16;,y; toxoplasma
caused neuron loss, neuron alignment disorder, neuronal nucleus abnormal deep-stained and neuron apoptosis.
Furthermore, TgCtwh3 Arop16y,y; tachyzoites caused obvious production of APP, BACEland expression increase
of pro-inflammatory factors in hippocampal tissue compared to these in mice infected with TgCtwh3 WT
tachyzoites. Contrarily, the expression of transforming growth factor beta 1 (TGF-pl), a pivotal anti-
inflammatory cytokine was significantly decreased in TgCtwh3 Aropl6y; infected mice. Further study
showed that TgCtwh3 Arop16; tachyzoites induced HT22 apoptosis through triggering ERS, meanwhile pro-
moted HT22 to produce APP, BACE1 by activating NF-kB signaling pathway.

Conclusion: Our results indicated that the GRA15y; effector may play a crucial part in neuron apoptosis, pro-
inflammatory factors secretion, and APP, BACE1 production. Inversely, ROP16yy; effector may play a poten-
tially protective role in this process.

Apoptosis
APP
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1. Introduction

Neurodegenerative disease is characterized by the loss of neuronal
populations and pathological protein aggregation (Dugger and Dickson,
2017). As a multifactorial neurodegenerative condition, pathogenic in-
fections caused by bacteria, viruses, fungi, and parasites may increase
the risk of developing Alzheimer’s disease (AD) (Piekut et al., 2022).
These infections may result in neuroinflammation, the development of
B-amyloid (Ap), and neuronal apoptosis (Zhou et al., 2022). Ap is the
aggregation of misfolded amyloid-f protein that produces Ap peptides
with varying lengths by cleaving the amyloid precursor protein (APP)
primarily by two proteases, p-secretase (BACE1) and y-secretase (Oakley
et al., 2006). According to the study, activation of NF-kB signaling can
promote pro-inflammatory cytokines, APP and BACE1l up-regulated
(Calsolaro and Edison, 2016; Graham and Pragnell, 1990; Kim et al.,
2021;Shi et al., 2017), meanwhile, upregulation of BACE1 can activate
NF-kB pathway to increase Ap expression (Guglielmotto et al., 2012).

Toxoplasma gondii (T gondii) is an exclusive intracellular parasitic
that is capable of affecting almost all vertebrate animals including
humans (Dubey et al., 1998; El Saftawy et al., 2020). T.gondii can invade
brain parenchyma neurons as early as 24 h after it infects mouse (Olivera
et al., 2021) and secrete various virulent effectors, including rhoptry
protein (ROP), dense granules protein (GRA), and so on (Saeij et al.,
2006; Taylor et al., 2006). Type I or III T.gondii ROP16 protein (ROP16
1ym) could promote the polarization of M2 macrophages through the
STAT3/STAT6 pathway and enhance the synthesis of transforming
growth factor beta 1 (TGF-p1), and other anti-inflammatory cytokines
(Xu et al., 2019). Neuroinflammation has been suggested as a possible
mechanism for cognitive impairment (Kinney et al., 2018). Our previous
study found that T.gondii Chinese 1 genotype Wh6 strain (TgCtwh6) may
cause mice abnormal cognitive behavior with the production of
pro-inflammatory factors, the increase of APP, BACE1l, AP and the
apoptosis of neurons in hippocampus (Tao et al., 2023). Some studies
have reported that astrocytes and microglia, activated through T.gondii
infections produce a variety of immune effector molecules that can
mediate inflammation and neuronal apoptosis, which can lead to
neurodegenerative diseases (Caballero et al., 2022). Moreover, these
pro-inflammatory cytokines can induce iNOS, NO, BACE1 increase and
synapse loss (Calsolaro and Edison, 2016; Catumbela et al., 2023). Type
II T.gondii GRA15 protein (GRA15y)) could activate the NF-kB signaling
pathway to induce not only macrophage polarization towards the M1
cell phenotype (Jensen et al., 2011), but also cell apoptosis through
endoplasmic reticulum stress (ERS) (Wei et al., 2018). The main
mechanism of this apoptosis pathway is the unfolded protein response
(UPR) (Huang et al., 2022). The immunoglobulin heavy chain-binding
protein (BIP), is considered to be the primary chaperone protein in the
endoplasmic reticulum (ER) that binds to unfolded proteins and disso-
ciates from membrane-bound ER stress sensors, thereby inhibiting
mRNA translation to protect the cell from an excess of unfolded proteins
(Liu et al., 2023; Tseng et al., 2019; Vidal et al., 2023). Therefore,
elevated BIP expression can serve as an important marker of ERS acti-
vation (Pfaffenbach and Lee, 2011). Caspasel?2 is identified as the first
ER-associated member of the cysteinyl aspartate specific proteinase and
is activated by ER stress (Nakagawa et al., 2000), then Caspase 12
translocate from the ER membrane to the cytoplasm (Rao et al., 2001),
activates downstream apoptotic signals, such as Caspase3 (Nakagawa
et al., 2000).

Type Chinesel(ToxoDB #9) stains, TgCtwh3 and TgCtwh6, domi-
nantly prevalent in China carry both GRA15;; and ROP16y,; effectors
that are different from the stains of archetypical type I, II, III of T.gondii
prevalent in Europe and America (Cheng et al., 2015; Howe and Sibley,
1995). Chinese 1 strains suggest the distinct neurological pathogenesis
that is different from the other strains. Our previous research showed
that TgCtwh6, a hypo virulent strain, caused mice chronic infection and
cognitive behavior damage with APP, BACE1 production and Ap ag-
gregation in hippocampal tissue (Tao et al., 2023). But the effect of the
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virulent strain, TgCtwh3 Aropl6;/; on neuron apoptosis, APP produc-
tion remains unclear.

We hypothesize that the TgCtwh3 Aropl6;y strain with gralsy
background, like type II strains of toxoplasma, might induce neuron
apoptosis and APP production through activating ERS and NF-xB
signaling pathway in acute infection. This study would be helpful for us
to better understand of the genotype-associated mechanism of neuro-
degenerative disease caused by toxoplasma predominantly circulates in
China.

2. Materials and methods
2.1. Antibodies and materials

Anti-APP, BIP antibodies were purchased from Immunoway (Plano,
TX, USA). Anti-BACE1, Bax, Bcl2, Cleaved-caspase3, Cleaved-caspasel2,
NF-kBp65, p-NF-kBp65 antibodies were purchased from Wanleibio
(Shenyang, China). FITC-labeled goat anti-rabbit IgG, phenyl-
methanesulfonyl fluoride (PMSF) and phosphorylated protease in-
hibitors were purchased from Servicebio (Wuhan, China). Anti-p-actin
and goat anti-rabbit antibodies were purchased from Proteintech (Chi-
cago, IL, USA). Tauroursodeoxycholate sodium (Tauroursodeoxycholic
acid, TUDCA, an endoplasmic reticulum stress inhibitor, Cat# HY-
19696), 4-Methyl-N1-(3-phenylpropyl)-1,2-phenylenediamine (JSH-
23, NF-kB activation inhibitor, Cat# HY-13982) were obtained from
MedChemExpress (New Jersey, USA).

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were obtained from Biological Industries (Palestine). 2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAP]) ,
Penicillin-streptomycin, Annexin V-FITC Apoptosis Detection kit and
SDS polyacrylamide gel electrophoresis were purchased from Beyotime
(Shanghai, China). Hematoxylin and eosin (H&E), Nissl staining kit were
purchased from Sigma (St. Louis, MO, USA). BCA protein assay kit was
obtained from Biosharp (Hefei, China). Trizol reagent was purchased
from Thermo (MIT, USA). RIPA lysis buffer and nitrocellulose mem-
brane were provided by Millipore (Billerica, MA, USA). Primer Script
First Strand cDNA Synthesis Kit and SYBR Premix Ex Taq kit were
purchased from Sparkjade (Shandong, China). Hippocampal neuron cell
line (HT22) and Vero cell line (Vero) were purchased from Procell Life
Science (Wuhan, China). TgCtwh3 Arop16;,y; tachyzoites were gifted by
Dr. Cong Wang. TgCtwh3 WT and TgCtwh3 Arop16j,y; tachyzoites were
kept in Vero cells, respectively, which were stored at —80°C in our
laboratory (Anhui Province Key Laboratory of Microbiology and
Parasitology).

2.2. Animals

Female BABL/c mice, aged 8-10 weeks, were obtained from Hang-
zhou Ziyuan Experimental Animal Technology Company in Zhejiang,
China. These mice were specific pathogen-free (SPF) and had an average
weight of 18-20 g. The production permit number for these mice was
Scxk 2019-0004. The Chinese National Institute of Health Guide for the
Care and Use of Laboratory Animals was strictly followed during the
treatment of the mice. The Institutional Review Board of the Institute of
Biomedicine at Anhui Medical University approved this animal experi-
ment (permit number: AMU26093628). The mice were housed in a
colony room at the Anhui Province Key Laboratory of Microbiology and
Parasitology, under controlled conditions of a 12/12-hour circadian
rhythm, a temperature of 20 + 2°C, and a humidity of 45+ 5 %. The
mice were provided with standard chow and pure water ad libitum.

After a one-week settling period, firstly one part of the mice were
randomly divided into three groups: control group, TgCtwh3 WT group,
and TgCtwh3 Arop16y/y; group, to determine the amount of tachyzoites
used in the establishment of mouse acute infection model. The control
group was just injected intraperitoneally with 200 pl of normal saline,
the TgCtwh3 WT group was injected intraperitoneally with 25, 50, 100,
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250, 500, 1000 TgCtwh3 WT tachyzoites in 200 pl of normal saline,
respectively, and the TgCtwh3 Arop16;;; group was injected intraperi-
toneally with 25, 50, 100, 250, 500, 1000 TgCtwh3 Arop16;,y; tachy-
zoites in 200 pl of normal saline, respectively. After evaluating the
optimal relationship between the number of toxoplasma tachyzoites
injected into mouse and the production of brain APP, 1000 toxoplasma
tachyzoites were chosen as the optimal amount to infect mouse in the
following experiment.

Then, the other part of the mice was randomly divided into three
groups, each containing ten mice: control group, TgCtwh3 WT group,
and TgCtwh3 Arop16y/; group. The control group received an intra-
peritoneal injection of 200 pl of normal saline, meanwhile, the TgCtwh3
WT group and a TgCtwh3 Arop16;,1; group received an intraperitoneal
injection of 1000 TgCtwh3 WT tachyzoites in 200 pl of normal saline
and 1000 TgCtwh3 Aropl6yyy; tachyzoites in 200 pl of normal saline,
respectively. On the 7th day post-infection, all mice were euthanized
using an anesthetic (2% pentobarbital sodium, 0.20ml/100 g), and
their hippocampal tissues were collected for histopathological analysis
or protein and gene expression detection.

2.3. T.gondii and cell culture

Tachyzoites of TgCtwh3 WT and TgCtwh3 Arop16;,; were cultured
separately in Vero cells in DMEM medium supplemented with 10 % fetal
bovine serum, 1 % penicillin-streptomycin at 37°C and 5 % COx.

HT22 were cultured in DMEM medium containing 10 % FBS, 1%
penicillin-streptomycin at 37°C, and 5 % CO,. The HT22 (1 x10°) were
seeded in a 6-well plate and incubated for 12hours. Subsequently,
TgCtwh3 WT tachyzoites (3 x 10%) or TgCtwh3 Arop16yy; tachyzoites
(3 x 10%) were added to the plate to infect the HT22 for an additional
24 hours. Protein expression of Cleaved-caspase3, Bax, Bcl2, APP,
BACE1, and cell apoptosis were analyzed using western blotting,
immunofluorescence staining, and flow cytometry assay.

In the experiment aimed at inhibiting ERS by TUDCA, HT22 were
inoculated in 12-well plates at a density of 5 x 10° and divided into 6
groups: control group, TUDCA group, TgCtwh3 WT group, TgCtwh3
WT+ TUDCA group, TgCtwh3 Arop16;,; group, and TgCtwh3 Arop16 j,
mr+ TUDCA group. After 12hours of culture, HT22 in the TUDCA,
TgCtwh3 WT + TUDCA and TgCtwh3 Arop16;/; + TUDCA group were
pretreated with TUDCA (200 pM) (Liu et al., 2020) for 12 hours. Then,
the corresponding group was infected with TgCtwh3 WT (1.5 x10°) or
TgCtwh3 Arop16;; (1.5 %x10%) tachyzoites at an MOI (Multiplicity of
Infection) of 3. After another 24 hours of culture, HT22 were subjected
to western blotting or flow cytometry assay.

In the experiment on inhibition of the NF-kB signaling pathway by
JSH-23, HT22 (5 x10°) were inoculated in 12-well plates and divided
into six groups: control group, JSH-23 group, TgCtwh3 WT group,
TgCtwh3 WT + JSH-23 group, TgCtwh3 Arop16;/y; group, and TgCtwh3
Arop16 1+ JSH-23 group. After culturing for 12 hours, HT22 in the
JSH-23, TgCtwh3 WT + JSH-23, and TgCtwh3 Arop16yy; + JSH-23
group were pretreated with JSH-23 (10 pM) (Peng et al., 2020) for 12 h.
Then, the corresponding group was infected with TgCtwh3 WT
(1.5 x10%) or TgCtwh3 Arop16;/y; (1.5 X 10% tachyzoites with MOI= 3.
After incubation for another 24 hours, HT22 were subjected to western
blotting or immunofluorescence staining.

2.4. Hematoxylin and eosin (HE) staining

Three mice were selected randomly from each group for histopath-
ologic examination of hippocampal tissue. The paraffin sections of
hippocampal tissue (4pm) were dewaxed thrice in xylene and then hy-
drated in different gradient concentrations of ethanol. The dewaxed
paraffin sections were treated with hematoxylin for 5 min, rinsed slowly
with running water for several seconds, and differentiated with 1 %
hydrochloric acid alcohol for 30s. Subsequently, the sections were
rinsed slowly with running water for several seconds and immersed in
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eosin for 25 s to 1 min. Finally, the sections were dehydrated routinely in
anhydrous ethanol, permeabilized in xylene, sealed with neutral resin,
and left to dry naturally. All HE-stained tissue sections were examined
under a light microscope (LEICA, Wetzlar, Germany) with magnifica-
tions of 20 x 10 and 40 x 10. The images in five randomly different
fields of view of the hippocampal zone for each section were captured by
an observer in a blinded manner.

2.5. Nissl staining

Changes in the number of Nissl bodies within neurons of the hip-
pocampal region of mice infected with TgCtwh3 WT or TgCtwh3
Arop16;,;; tachyzoite were observed through nissl staining. Following
dewaxed and hydrated, the paraffin sections were immersed in a tarry
violet staining solution at 56°C for 1 h. The dye was slowly rinsed off
with deionized water. The sections were then placed in Nissl differen-
tiation solution for 2 min. The degree of differentiation was observed
under a microscope. The sections were dehydrated routinely in anhy-
drous ethanol, permeabilized in xylene, sealed with neutral resin, and
left to dry naturally. All sections were observed under an optical mi-
croscope (40 x10) (LEICA, Wetzlar, Germany). The images in five
randomly different fields of view of the hippocampal zone for each
section were captured by an observer in a blinded manner, and the total
number of positive cells was recorded for the final Image J (USA)
analysis.

2.6. Immunofluorescence staining

HT22 pretreated or untreated with JSH-23 was infected by TgCtwh3
WT or TgCtwh3 Aropl6;,; tachyzoites in 12-well plates for 24 h then
fixed with 4 % paraformaldehyde for 15 min. The cell slides were sealed
with immunofluorescent blocking solution for 1 h, then incubated with
primary antibody APP (1:200), BACE1 (1:200), NF-xBp65 (1:200), p-NF-
kBp65 (1:200) at 4°C overnight, and finally incubated with goat anti-
rabbit IgG coupled with FITC (1:200) for 1h at 37°C, followed by
counterstaining nuclei with DAPI. The images in five randomly different
fields of view for each cell slide were captured by an observer in a
blinded manner under a fluorescence microscope (20 x10 and 40 x10)
(LEICA, Wetzlar, Germany). Finally, they were analyzed with Image J
(MD, USA).

2.7. Western blotting

Lysis of approximately 80mg of hippocampal tissue or cultured
HT22 with RIPA lysis buffer supplemented with protease inhibitor. The
extracted total protein concentration was then determined using a BCA
protein concentration assay kit. Each protein sample (10 pg) was added
to a 12.5 % polyacrylamide gel for electrophoresis and separation, and
then transferred to a polyvinylidene difluoride membrane (PVDF).
Membranes were incubated with APP (1:2000), BACE1 (1:500), Bax
(1:1000), Bcl2 (1:500), Cleaved-capsase3 (1:500), Cleaved-caspasel2
(1:1500), BIP (1:2000), NF-kBp65 (1:1000), p-NF-kBp65 (1:1000) and
B-actin (1:5000) primary antibodies overnight at 4°C and then incubated
with enzyme-labeled secondary antibodies (1:10,000) at room temper-
ature for 1h. Specific protein signals were detected with the ECL
chemiluminescence kit. The Chemo Dox XRS system (Bio-Rad Labora-
tories, Hercules, CA, USA) was used to view the images from the blots.
The optical density of each band was calculated using the Image J
program (MD, USA).

2.8. Quantitative real-time PCR (RT-qPCR)

RNA was extracted from hippocampal tissues with TRIzol reagent,
and RNA concentration and purity were determined by NanoDrop2000
(Thermo Scientific, Shanghai, China) software. The RNA was reverse
transcribed to cDNA using the primer Script first Strand cDNA Synthesis
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Table 1
The primers used for qRT-PCR.
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Primers Forward primer(5’-3’) Reverse primer(5°’-3’)
IL-6 CCGGAGAGGAGACTTCACAG CATTTCCACGATTTCCCAGA
TNF-a ACGGCATGGATCTCAAAGAC GTGGGTGAGGAGCACGTAGT
iNOS CACCTTGGAGTTCACCCAGT ACCACTCGTACTTGGGATGC
TGF-p1 CTGGATACCAACTACTGCTTCAG TTGGTTGTAGAGGGCAAGGACCT
APP TGAATGTGCAGAATGGAAAGTG AACTAGGCAACGGTAAGGAATC
BACE1 GCAGACATGGAAGACTGTGGCTAC GGCAGAGTGGCAACATGAAGAGG
GAPDH CAACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACAC
A TgCtwh3 WT(pcs) TgCtwh3 Arop16m(pcs)
Control
000 500 250 100 50 25 1000 500 250 100 50 25
APP I . - - ‘“¢-.'-0 ""m

B-actin
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TgCtwh3 Arop16 ;/z(pcs)

Control

Kit. The qRT-PCR was performed using SYBR Premix Ex Taq kit and
Light Cycler 96 (Roche, Switzerland) to detect the expression of IL-6,
TNF-a, iNOS, TGF-f1, APP and BACE], and the thermal cycling condi-
tions were programmed following the manufacturer’s protocol. The
expression of the relevant genes was analyzed by the 2-AACT method
with statistical cycle thresholds. The abundance of target RNA tran-
scripts was evaluated relative quantitatively using the housekeeping
gene GAPDH as a control. The gene-specific primer sequences are listed
in Table 1.

2.9. Flow cytometry

HT22 pre-treated or non-treated with TUDCA were infected with
TgCtwh3 WT or TgCtwh3 Arop16y/y; tachyzoites in 12-well plates for
24 h. Then the HT22 were collected, and HT22 apoptosis was detected

TgCtwh3 WT

833

TgCtwh3 Arop16.u

Fig. 1. TgCtwh3 acute infection mice model was established.

by FITC Annexin V Apoptosis Detection Kit and CytoFLEX flow cytom-
etry. Finally, the results were analyzed by FlowJo_V10.

3. Statistical Analysis

All data were obtained from triplicate values representing three in-
dependent experiments with identical conditions. One-way ANOVA
followed by the Bonferroni post hoc test was used for data analysis using
GraphPad Prism 8.2.1 (GraphPad Software, San Diego, CA, USA). All
results were assessed as mean + SD (n =5 replicates for each group),
two-tailed P < 0.05 or P < 0.01 or P < 0.001 or P < 0.0001 was regarded
as statistically significant.
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Fig. 2. Hippocampal neuron apoptosis was caused by TgCtwh3 Arop16;,y; infection.

4. Results
4.1. Establishment of the mouse acute infection model

To choose the optimal toxoplasma tachyzoites to challenge mouse
and establish mouse acute infection model, we first evaluated the
optimal relationship between the number of toxoplasma tachyzoites
injected intraperitoneally into mice and the production of brain APP.
One week after injection, western blotting was performed on the hip-
pocampus of mice, and the results showed that the injection of 1000
toxoplasma tachyzoites caused an increase at most in APP (Fig. 1A, B).
Therefore, mice were infected with 1000 toxoplasma tachyzoites to
establish mouse acute infection model. The mice infected with TgCtwh3
WT or TgCtwh3 Arop16y,;; showed a typical hunchback posture, uneven
fur, stiff limbs, and dull eyes compared to uninfected mice (Fig. 1C).

The mice were randomly divided into three groups. The control
group was injected 200 pl of normal saline, the TgCtwh3 WT and
TgCtwh3 Arop16;/y; group was injected with TgCtwh3 WT or TgCtwh3
Aropl6;; tachyzoites of varying numbers, respectively. The APP
expression in hippocampus was evaluated by western blotting and
protein expression was determined semi-quantitatively (A, B). Changes
in appearance and posture of mice induced by TgCtwh3 WT and
TgCtwh3 Arop16j,y; infection (C). Data were represented as mean + SD
and were analyzed by one-way ANOVA followed by Bonferroni’s post
hoc test for multiple comparisons (n =10 each group). *P < 0. 05,
**P < 0.01, * **P < 0.001, * ** *P < 0.0001
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4.2. TgCtwh3 Arop16;,y strain induces neuron apoptosis in mouse
hippocampus

To assess whether TgCtwh3 WT or TgCtwh3 Arop16;,y; tachyzoites
could induce hippocampal neuron apoptosis, we infected mice with
above tachyzoites, then carried out histopathologic examination and
apoptosis-related proteins detection. HE staining of brain tissue showed
that in the control group the hippocampal zones were uniformly stained
with intact tissue, neuron structure and clear nuclear membrane
boundaries. On the contrary, in the TgCtwh3 WT group the hippocampal
neurons were disorganized in the arrangement, decreased in the num-
ber, and had abnormally deep nuclei staining. Moreover, in the TgCtwh3
Arop16;;; group neurons were more disorganized in the arrangement
and more deeply stained in nuclei (Fig. 2A). Similarly, Nissl staining
showed that the number of positive cells in the hippocampal tissues in
the TgCtwh3 Arop16j,y; group was decreased more remarkable than that
in the TgCtwh3 WT group (Fig. 2B, C). The results indicated that
TgCtwh3 Arop16;,; acute infection could lead to hippocampal neurons
morphological change and loss. To determine whether the neuronal
reduction was related with apoptosis, we took the mice hippocampus of
three groups to detect apoptosis-related proteins by protein blotting
(Fig. 2D). The results showed that Cleaved-caspase 3 and Bax were
enhanced most significantly in the TgCtwh3 Arop16;,/y; group among the
three groups, while Bcl-2 decreased most markedly in the TgCtwh3
Arop16;y; group among the three groups (Fig. 2E, F, G), revealing that
TgCtwh3 Arop16y/ induced neuronal apoptosis more than TgCtwh3
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Fig. 3. TgCtwh3 Arop16yy; infection increased mouse hippocampal tissue APP, BACE1 expression.

WT in the hippocampal region.

The mouse hippocampal tissue was lysed, and then the tissue pro-
teins were extracted. Apoptotic proteins were assessed by western
blotting and protein expression was determined semi-quantitatively (D,
E, F, G). The hippocampus tissue section was first stained with hema-
toxylin and eosin, and then was observed under a light microscope at a
magnification of 20 x 10 and 40 x 10 (scale bars, 100pm, respectively)
(A). Besides, the mouse hippocampus tissue section was stained with
Nissl dye, and then was observed under a light microscope at a magni-
fication of 40 x 10 (scale bars, 100pum) (B). The number of positive cells
in each field of view was evaluated with semiquantitative analysis (C).
Data were represented as mean + SD and were analyzed by one-way
ANOVA followed by Bonferroni’s post hoc test for multiple compari-
sons (n=3 each group). *P < 0. 05, **P<0.01, ***P < 0.001,
* xx *P < 0.0001

4.3. TgCtwh3 Arop16yyy; strain induces APP and BACE] expression in
mouse hippocampus

To verify the effect of TgCtwh3 Arop16;,y; tachyzoite on the pro-
duction of APP and BACE1, we detected mouse hippocampal tissue APP
and BACE1 at protein and gene levels. Western blotting and qRT-PCR
results showed that both APP and BACE1 expression rose most obvi-
ously in the TgCtwh3 Arop16;y; group among the three groups (Fig. 3A-
E), implying that TgCtwh3 WT infection contributes to the production of
APP and BACE1, moreover, TgCtwh3 Aropl6;/y tachyzoite promotes
APP and BACE1 production more than TgCtwh3 WT.

The mouse brain hippocampus tissues were lysed, then the tissue
proteins were extracted; APP and BACE1 proteins were detected by
western blotting and then analyzed semi-quantitatively (A-C). Finally,
the RNA of the mouse hippocampus tissue was extracted and then

reversely transcribed to cDNA. APP and BACE1 gene expressions were
assessed by qRT-PCR and analyzed by semi-quantitative method (D, E).
Data were represented as mean + SD and were analyzed by one-way
ANOVA followed by Bonferroni’s post hoc test for multiple compari-
sons (n=7 each group). *P < 0. 05, **P<0.01, ***P < 0.001,
* % %P < 0.0001

4.4. TgCtwh3 Arop16;,y strain promotes pro-inflammatory factors
secretion in mouse hippocampal tissue

Inflammation is wusually accompanied by secretion of pro-
inflammatory factors. To identify whether TgCtwh3 infection can
cause the secretion of pro-inflammatory factors in the hippocampal re-
gion of the mouse, we examined mouse hippocampal tissue iNOS, TNF-
o, IL-6 and TGF-p1 at protein and gene levels. The results showed that
the expression of pro-inflammatory factors iNOS, TNF-a and IL-6 was
up-regulated most significantly in the TgCtwh3 Arop16;/;; group among
the three groups (Fig4A-D, F-H); on the contrary, the expression of anti-
inflammatory factor TGF-p1 was down-regulated most notably in the
TgCtwh3 Aropl6;y; group among the three groups (Fig. 4A, E, I).
Compared with the TgCtwh3 WT group, the expression of pro-
inflammatory factors was higher and the anti-inflammatory factor was
lower in the TgCtwh3 Arop16;,;; group.

The mice hippocampal tissues were lysed, then the tissue proteins
were extracted, followed by western blotting to detect inflammatory
factors iNOS, IL-6, TNF-a, and TGF-f1 proteins with semiquantitative
analysis (A-E). The RNA from mouse hippocampal tissues was extracted
and reversely transcribed to cDNA. The gene expression of IL-6, TNF-a,
iNOS, and TGF-f1 was assessed by qRT-PCR, followed by semi-
quantitative analysis (F-I). Data were represented as mean + SD and
were analyzed by one-way ANOVA followed by Bonferroni’s post hoc
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Fig. 4. Pro-inflammatory cytokines secretion was induced in mouse hippocampus by TgCtwh3 Arop16;/y; infection.

test for multiple comparisons (n=7 each group). *P < 0. 05, were detected by western blotting. The results showed that the expres-
**P < 0.01, * **P < 0.001, * ** *P < 0.0001 sion of pro-apoptotic proteins Cleaved-caspase3 and Bax was signifi-
cantly highest; however, the expression of anti-apoptotic protein Bcl-2

was significantly lowest in the TgCtwh3 Aropl6;/ group among the

4.5. TgCtwh3 Arop16yyy strain infection directly results in HT22 three groups (Fig. 5A-D). In addition, the flow cytometry results showed
apoptosis that the apoptosis rate was raised most significantly in the TgCtwh3
Arop16;; group among the three groups (Fig. 5E, F). In our study,

To further clarify whether TgCtwh3 Arop16;/y tachyzoites could apoptotic cells were explicitly defined as the Annexin V+PI- population,

directly give rise to neuron apoptosis, we infected HT22, a mouse hip- whereas Annexin V+PI+ cells were considered to be late apoptotic/
pocampal neuron cell line, with TgCtwh3 WT and TgCtwh3 Arop16;/m necrotic. The results indicated that TgCtwh3 Arop16;,y; could directly
tachyzoites to investigate in vitro the neuron apoptosis mechanism. induce HT22 apoptosis, which was the reason that TgCtwh3 Arop16;,;;

Firstly, the TgCtwh3 WT and TgCtwh3 Arop16y/y tachyzoites were acute infection led to mouse hippocampal neurons morphological
cultured with HT22, respectively, for 24 h, and then the apoptosis- change and loss in our in vivo experiment.

related proteins of HT22, such as Cleaved-caspase3, Bax and Bcl-2
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Fig. 5. HT22 apoptosis was caused by TgCtwh3 Arop16;,y; infection.

After TgCtwh3 WT and TgCtwh3 Aropl6;/y tachyzoites infected
HT22, respectively, for 24 h, the HT22 were lysed and the cell proteins
were extracted. The expression of apoptosis-related proteins of HT22,
such as Cleaved-caspase3, Bax and Bcl-2 was measured by western
blotting and then analyzed by semiquantitative method (A-D). In
addition, the infected HT22 were collected to assess apoptotic status by
flow cytometry (E, F). Data were represented as mean + SD and were
analyzed by one-way ANOVA followed by Bonferroni’s post hoc test for
multiple comparisons (n =5 each group). *P < 0. 05, * *P < 0.01,
* **P < 0.001, * ** *P < 0.0001

4.6. TgCtwh3 Arop16yyy strain increases APP and BACEI expression in
HT22

To investigate whether TgCtwh3 Arop16;,y; could directly promote
the production of APP and BACE1 in HT22, the protein levels of APP and
BACE1 in HT22 infected with TgCtwh3 WT and TgCtwh3 Arop16;,;
tachyzoites, respectively, were evaluated by western blotting and
immunofluorescence staining. The results displayed that the level of
APP and BACE!1 in infected HT22 increased most remarkably in the
TgCtwh3 Aropl6j/ group among the three groups (Fig. 6A-C). In
addition, the immunofluorescence results showed that the expression of
APP and BACEL1 protein-positive cells was up-regulated most markedly
in the TgCtwh3 Arop16;,;; group among the three groups (Fig. 6D-G).
The results indicated that TgCtwh3 Arop16;y; could directly promote
the production of APP and BACE1 in HT22.

After infection of HT22 with TgCtwh3 WT and TgCtwh3 Arop16;/y;
tachyzoites for 24 h, HT22 was lysed and the proteins were extracted.
The expression of BACE1 and APP protein was detected by protein
blotting and then analyzed by semiquantitative methods (A-C). In
addition, BACE1 and APP proteins were visualized in situ by immuno-
fluorescence staining and observed under a fluorescence microscope at
40 x 10 (scale bar, 100um) after HT22 cells were fixed and the cell
membranes were penetrated by Triton. The percentage of positively
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stained cells was calculated using morphometric software (D-G). Data
were represented as mean + SD and were analyzed by one-way ANOVA
followed by Bonferroni’s post hoc test for multiple comparisons (n = 5
each group). *P < 0. 05, * *P < 0.01, * **P < 0.001, * ** *P < 0.0001

4.7. TgCtwh3 Aropl6;yy strain induces HT22 apoptosis through the ERS
pathway

To further investigate the mechanism by which HT22 apoptosis was
induced by TgCtwh3 Arop16;/y;, we used TUDCA to suppress ERS and
then surveyed whether TgCtwh3 Arop16;y; could trigger the HT22
apoptosis via ERS pathway. HT22 were pretreated with 200 pM TUDCA
for 12 h and then cultured with or without TgCtwh3 WT or TgCtwh3
Arop16;,y; tachyzoites (MOI=3) for another 24 h. Western blotting re-
sults showed that the expression of immunoglobulin heavy chain-
binding protein (BIP), Cleaved-caspasel2 and Cleaved-caspase3 was
most significantly elevated, respectively, in the TgCtwh3 Aropl6;/
group without pretreatment among the six groups, whereas the
expression of BIP, Cleaved-caspasel2 and Cleaved-caspase3 was signif-
icantly reduced in the TUDCA pretreated group compared to that in the
group without pretreatment (Fig. 7A-D). In addition, our flow cytometry
results demonstrated that pretreatment with TUDCA significantly
decreased the apoptotic rate in both TgCtwh3 WT and TgCtwh3
Aropl61/11I groups compared to untreated conditions(Fig. 7E, F).

The results implied that TgCtwh3, especially the TgCtwh3 Arop16;/
strain infection could induce ERS-mediated apoptosis pathway which
promoted HT22 apoptosis.

HT22 were infected with TgCtwh3 WT or TgCtwh3 Aropl6;m
tachyzoites for 24 h with or without TUDCA pretreatment. HT22 were
lysed and then the cell proteins were extracted. The expression of BIP,
Cleaved-caspasel2, and Cleaved-caspase3 was detected by immuno-
blotting and then analyzed semi-quantitatively (A-D). In addition, HT22
were collected and the apoptosis rate was assessed by flow cytometry (E,
F). Data were represented as mean + SD and were analyzed by one-way



Di Yang et al.

A

TgCtwh3 WT -
TgCtWh3 Ar0p16l/m - -

O

©
| -
§=
=
O
O
(3]
<
E -
o=
(@]
l_
2
©
E ~—
O &
o =
=<
F 15+
B
]
8 10
Q
2
2
Q 54
o
o
<
o_
N
«\"‘0 s“é \6\\
O &*
& o
A &
o\
)

IBRO Neuroscience Reports 18 (2025) 830-843

Ak ok ok
*kkk
4+ *k
*kk
£ 34 ek ke
B
** ¢ s
Q.
2
S
w
Q
<
o

@

6 Aok kK
2
2
8
o 47
2
=
@
2
- 27
w
Q
<
1]

0_

& RN o
& & Q&
O & ©
9 \4
<9 N
&
)

Fig. 6. Expression of APP and BACE1 in HT22 was directly facilitated by TgCtwh3 Arop16;/y;.

ANOVA followed by Bonferroni’s post hoc test for multiple comparisons
(n=5 each group). *P<0. 05 **P<0.01, ***P<0.001,
* *% *P < 0.0001

4.8. TgCtwh3 Arop16y,yy strain stimulates APP and BACEI1 production in
HT22 through NF-xB signaling pathway

To further investigate the mechanism by which TgCtwh3 Arop16;/1
tachyzoites induce APP and BACE1 production in HT22, we evaluated
the effect of TgCtwh3 Arop16;,y; on the generation of APP, BACE1, p-NF-
kBp65 and NF-kBp65 in HT22 with or without JSH-23 pretreatment.
HT22 pre-treated with or without 10 pM JSH-23 for 12 h were cultured
with or without TgCtwh3 WT or TgCtwh3 Aropl6y tachyzoites
(MOI=3) for another 24 h. The western blotting results showed that the
expression of APP, BACE1, NF-kBp65 and p-NF-kBp65 in the JSH-23-
pretreated TgCtwh3 Arop16;,y; group was significantly lower than that
in the un-pretreated TgCtwh3 Arop16;,y; group, respectively (Fig. 8A-E).
Similarly, the immunofluorescence staining results manifested that the
level of APP, BACE1, NF-kBp65 and p-NF-kBp65 in the un-pretreated
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TgCtwh3 Aropl6;/; group was enhanced more evidently compared to
that in the pretreated TgCtwh3 Arop16y,y group, respectively (Fig. 8F-
M). Thus, both western blotting and immunofluorescence staining
indicated that TgCtwh3 Aropl6y tachyzoites stimulated APP and
BACE1 production through directly facilitating NF-kB signaling in HT22.

HT22 were pretreated with or without JSH-23 and then infected with
or without TgCtwh3 WT or TgCtwh3 Aropl6j;. After HT22 was
collected and lysed, the cell proteins were extracted. The expression of
NF-xBp65, p-NF-kBp65, APP and BACE1 was detected by western blot-
ting followed by semiquantitative analysis (A-E). In addition, the
expression of NF-kBp65, p-NF-kBp65, APP and BACE1 was shown by
immunofluorescence staining after HT22 were fixed and permeabilized
by Triton penetration and visualized under a fluorescence microscope at
40 x 10. The percentage of positively stained cells was calculated using
morphometric software (F-M). Data were represented as mean + SD and
were analyzed by one-way ANOVA followed by Bonferroni’s post hoc
test for multiple comparisons (n=5 each group). *P < 0. 05,
**P < 0.01, * **P < 0.001, * ** *P < 0.0001
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Fig. 7. HT22 apoptosis was promoted by TgCtwh3 Arop16;,;; through ERS pathway.

5. Discussion

A growing body of evidence indicates to a strong correlation between
T.gondii infection and neurodegenerative disorders, such as Alzheimer’s
disease (Tao et al., 2023; Xiao et al., 2022). Our previous research has
shown that the TgCtwh6 tachyzoites can lead to mouse chronic infection
and cognitive behavioral impairments with neuronal apoptosis, Ap for-
mation, and the secretion of pro-inflammatory factors (Tao et al., 2023).
While the majority of mice infected with TgCtwh3 experience acute
illnesses and succumb within two weeks (Li et al., 2014), but both
TgCtwh3 and TgCtwh6 cause chronic infection in the population of
China (Wang et al., 2015). As we know, ROP16y,;; and GRA15y; are the
key virulence components of T. gondii (Hernandez-de-Los-Rios et al.,
2019), and both of the two virulent effectors are present in T. gondii of
the Chinesel genotype (Cheng et al., 2015). So, in our present experi-
ments, we infected mice and HT22 with TgCtwh3 WT and TgCtwh3
Arop16;,1y, respectively, to evaluate the effect of the TgCtwh3 Arop16;1;
strain with gral5; background on neurons and explore its potential
mechanism.

Following T.gondii infects mouse, T.gondii can cross the blood-brain
barrier and enter the central nervous system, where it primarily tar-
gets neurons, meanwhile activating astrocytes and microglia to induce
pro-inflammatory cytokines secretion which may cause neuronal loss
and apoptosis (Cabral et al., 2016). In addition, in type II strains,
GRA15y; directly activates the NF-xB signaling pathway leading to a
pro-inflammatory Thl-type immune response in brain, which contrib-
utes to neuronal apoptosis, APP, BACE1 production and neurodegener-
ative diseases development (Calsolaro and Edison, 2016; Leng and

Edison, 2021; Matta et al., 2021; Novoa et al., 2022; Rani et al., 2023;
Rosowski et al., 2011; Singh and Singh, 2020; Xie et al., 2018).

Our previous study has identified that GRA15y effector induced M1
polarization in RAW264.7 cells through NF-kB signaling and activated
M1 produced pro-inflammatory factors (Xie et al., 2018). Our other
study has further demonstrated that TgCtwh3 Arop16yy; strain infection
significantly elevated the expression of Thl cytokines and IL-17A in
splenocytes and placental tissues in pregnant mouse (Wang et al., 2018).
Our present study showed that TgCtwh3 Arop16y/y; strain could signif-
icantly promote the expression of iNOS, TNF-a and IL-6; meanwhile
remarkably reduced the expression of TGF-pl in mouse hippocampal
tissues. This result suggests that gral5y plays an important role in brain
tissue pro-inflammatory response of mice acutely infected with
TgCtwh3 Aropl16;,; tachyzoites.

Previous research has demonstrated that Toxoplasma-mediated
apoptosis is essential for the development of neurodegenerative lesions
(Dincel and Atmaca, 2016). In our present study, we found abnormal
arrangement and reduced number of hippocampal neurons with aber-
rant deep-stained nuclei in the TgCtwh3 Aropl6;/ infection group,
suggesting neuronal dysfunction and loss or apoptosis. Further research
found that the expression of pro-apoptosis proteins Cleaved-caspase3
and Bax increased, while the expression of anti-apoptosis protein Bcl-2
decreased in the infected groups, especially in the TgCtwh3 Arop16;1;
group, indicating that the neuron loss in acute infected mouse might be
partially due to neuronal apoptosis.

Some researchers have found that TgCtwh3 WT could induce neural
stem cell strain apoptosis via ERS signaling (Zhou et al., 2015); Another
researchers have reported that T.gondii GRA15p could initiate
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Fig. 8. APP and BACE1 expression were elevated in HT22 by TgCtwh3 Arop16;,y; through promoting NF-kB signaling.

choriocarcinoma JEG-3 cells apoptosis through ERS (Wei et al., 2018).
ERS-mediated apoptosis pathway has been recently identified as a
mechanism that contributes to the development and progression of
neurodegenerative illnesses (Ariyasu et al., 2017; Yang et al., 2015). Our
present experiments showed that TgCtwh3 Arop16;,y; could activate the
ERS-mediated apoptosis through increasing the expression of BIP,
Cleaved-caspasel2 and Cleaved-caspase3, suggesting that GRA15y

might induce neuronal apoptosis via ERS pathway. Additionally, it has
been reported that ERS increases y-secretase activity by up-regulating
presenilin 1 (PSEN1) expression and therefore it might be implicated
in A peptide formation (Penke et al., 2017).

Ap is produced by protein hydrolysis of the transmembrane protein
APP by BACE1 and y-secretase (Chen et al., 2017). Studies have indi-
cated that NF-kB signaling plays a crucial role in the production of APP,
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BACEland A, elevated expression of APP and BACE1 in the brains of
AD patients has been associated with increased NF-«B signaling pathway
activation (Chen et al., 2012; Kim et al., 2021; Shi et al., 2017). It has
been shown that the p65 subunit of NF-xB binds to the kB element of the
BACE1 promoter, leading to increased expression of f-secretase (Chen
et al., 2012). Moreover, T. gondii GRA15y can directly activate NF-kB
pathway (Rosowski et al., 2011). In our study, infection of HT22 with
TgCtwh3 Aropl6yy; resulted in up-regulation of NF-kBp65 and
p-NF-kBp65, along with APP and BACE1 expressions, however, JSH-23
reversed up-regulation of these expressions which suggested that
TgCtwh3 Arop16jy; tachyzoite infection could lead to APP and BACE1
production through the NF-kB signaling pathway, and gral5;; might play
a major role in this process.

In summary, in our experiment we infected intraperitoneally mouse
with 1000 TgCtwh3 Aropl6;/yy tachyzoites. One week following infec-
tion, the infected mouse presented abnormal appearance and posture
changes as well as declined vitality. The hippocampus assay demon-
strated that TgCtwh3 Arop16y/; toxoplasma with gral5; background
caused neuron loss, neuron alignment disorder, neuronal nucleus
abnormal deep-stained and neuron apoptosis. Moreover, TgCtwh3
Arop16y; tachyzoite accelerated APP, BACE1 production and pro-
inflammatory cytokines secretion in hippocampal tissue of acute infec-
ted mouse. To make clear the mechanics of the neuron apoptosis and
APP, BACE1 production induced by TgCtwh3 Arop16y/y; tachyzoite, we
carried out the in vitro cytologic experiment, which suggested that
TgCtwh3 Arop16y,y; induced neural apoptosis via ERS pathway; mean-
while, TgCtwh3 Arop16;,yy initiated APP and BACE1 production through
NF-«B signaling (Fig. 9). Obviously, gral5; might play a key role in this
course. This study would be helpful for us to better understand the
genotype-associated mechanism of protein aggregation-related disor-
der, such as AD, caused by Toxoplasma predominantly prevalent in
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China. In the future, gral5; might become a promising targeted mole-
cule in prevention and therapy of AD patients who has been infected
with T.gondii type Chinesel strains. We will further verify our specula-
tion in our future work using primary hippocampal cultured neurons;
furthermore, we will use biochip and in situ hybridization
histochemistry.

First, in vivo, BALB/c mouse was infected intraperitoneally with
TgCtwh3 Arop16;; tachyzoite. One week later, the infected mouse
presented abnormal appearance and posture changes as well as declined
vigour. The infected mouse hippocampal tissue assay showed that
neurons were disorganized in the arrangement, decreased in the number
and abnormally stained in nuclei. Moreover, TgCtwh3 Arop16m;
tachyzoite accelerated APP, BACE1 production and pro-inflammatory
cytokines secretion in hippocampal tissue of acute infected mouse (A).
TgCtwh3 Arop16;,y; tachyzoite led to HT22 apoptosis via ERS pathway,
and promoted APP, BACE1 production in HT22 through NF-«xB signaling
(B).
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