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Abstract
Japanese encephalitis (JE) is a zoonotic epidemic disease caused by Japanese encephalitis virus (JEV), and currently, no 
medicines are available to treat this disease. Autophagy modulators play an important role in the treatment of tumors, heart 
disease, and some viral diseases. The aim of this study was to investigate the effects of autophagy modulators on JEV infec-
tion and the host response in mice. The experimental mice were grouped as follows: DMEM (control), JEV, JEV+rapamycin 
(JEV+Rapa), JEV+wortmannin (JEV+Wort), JEV+chloroquine (JEV+CQ), Rapa, Wort, and CQ. The control group was 
treated with DMEM. The mice in other groups were infected with  105 PFU of JEV, and Rapa, Wort, and CQ were admin-
istered 2 h prior to JEV challenge and then administered daily for 10 consecutive days. All mice were monitored for neuro-
logical signs and survival. The damage of subcellular structures in the mouse brain was evaluated by transmission electron 
microscopy. The distribution of virus in the mouse brain was determined by RNAScope staining and immunohistochemi-
cal staining. The neuroinflammatory responses in the brain were examined via quantitative real-time PCR, and the signal 
pathways involved in neuroinflammation were identified by Western blot. The mice in the JEV+Wort and JEV+CQ groups 
showed milder neurological symptoms, less damage to the mitochondria in the brain tissue, and a higher survival rate than 
those in the JEV+Rapa and JEV groups. Compared with the JEV+Rapa and JEV groups, the distribution of JEV in the 
brain of mice in the JEV+Wort and JEV+CQ groups was lower, and the inflammatory response was weaker. No significant 
difference was observed in the expression of the PI3K/AKT/NF-κB pathway in mouse brain among the different groups. 
Our study suggests that the autophagy inhibitors Wort and CQ reduce JEV infection and weaken the inflammatory response, 
which does not depend on the PI3K/AKT/NF-κB pathway in mouse brain.

Abbreviations
CNS  Central nervous system
CQ  Chloroquine
HCQ  Hydroxychloroquine
JEV  Japanese encephalitis virus
JE  Japanese encephalitis
LC3  Microtubule-associated proteins
MHC  Major histocompatibility complex
MTORC1  Rapamycin complex 1
NF-кB  Nuclear factor-κB

PI3K III  Class III phosphatidylinositol 3-kinase
Rapa  Rapamycin
ULK1/2 complex  UNC-51-like kinase 1/2 complex
UPR  Unfolded protein response
Wort  Wortmannin

Background

Japanese encephalitis (JE) is a mosquito-borne zoonotic 
infection caused by Japanese encephalitis virus (JEV). 
JEV is a neurotropic virus whose clinical manifestations 
range from hyperthermia syndrome to multifocal central 
nervous system disease to death [1]. Currently, JEV is 
mainly prevalent in the Asia-Pacific region, with about 
68,000 cases of JEV infection each year and a mortality 
rate of 25%–30%, and 50% of the survivors are affected 
by neuropsychiatric sequelae [2–4]. In the future, JEV 
is likely to become an emerging global pathogen [5]. At 
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present, inactivated vaccines are safe and reliable, but the 
production and purification processes are complicated [6]. 
Although live attenuated vaccines offer good protection, 
there is a potential threat of mutant strains reverting to the 
pathogenic strain. In addition, the source cell line is not 
recognized by the FDA, and the scope of application is 
greatly restricted [7]. Therefore, therapeutic drugs for JEV 
should be investigated. Previous studies have shown that 
the autophagy pathway positively regulates the replication 
of JEV in the early stage of viral infection in vitro [8].

Autophagy is a highly conserved homeostatic process 
through which cytoplasmic macromolecules, excess or 
damaged organelles, and some pathogens are delivered 
to lysosomes for degradation [9, 10]. Autophagy usually 
occurs at a basal level in all cells but is upregulated in 
response to extracellular or intracellular stress and patho-
gen infection [11]. Some drugs that regulate autophagy, 
including rapamycin (Rapa), wortmannin (Wort), and 
chloroquine (CQ), have been used in basic and clinical 
research on some diseases. Rapa is a commonly used 
autophagy inducer that can promote the occurrence of 
autophagy by inhibiting the MTOR pathway [12, 13]. 
Wort, a hydrophobic fungal metabolite of the fungus Tal-
aromyces wortmanni, has been widely used as a power-
ful tool to examine the role of PI3K in cellular signaling 
[14]. As an early autophagy inhibitor, Wort can prevent 
autophagosome formation primarily by inhibiting the 
activity of class III phosphatidylinositide 3 kinases [15, 
16]. CQ can inhibit autophagosome and lysosome fusion 
and/or prevent the degradation of autophagic lysosomal 
material downstream (in the late stage) of autophagosome 
formation [17, 18].

In recent years, the role of autophagy in viral infections 
has also attracted attention. Immune cells can degrade 
viral proteins in time through enhanced autophagy, thereby 
inhibiting the replication of related viruses [19]. However, 
enhanced autophagy can promote the replication of related 
viruses, including human immunodeficiency virus, herpes 
simplex virus, enterovirus 71, poliovirus, and coxsacki-
evirus B4 [20]. The administration of the drugs 3-MA or 
Wort and CQ to inhibit autophagy can reduce the pro-
duction of influenza virus [21, 22]. Measles virus strains 
with different virulence properties play obviously different 
roles in promoting viral replication and antiviral defense 
in the autophagy pathway [23]. Therefore, the interaction 
between the virus and the autophagy pathway depends on 
the cell line used and its intracellular and extracellular 
environment. Moreover, the effect of the autophagy path-
way may be very different in in vivo experiments. In this 
study, the results suggest that the autophagy inhibitors 
Wort and CQ reduce JEV infection and weaken inflam-
matory response in mice.

Materials and methods

JEV strain

JEV (P3 strain) was stored at the State Key Laboratory of 
Agricultural Microbiology, Huazhong Agricultural Univer-
sity. The JEV P3 strain was amplified in the brains of neona-
tal mice, and virulence was determined using a plaque test in 
BHK-21 cells [24].

Establishment of the JE mouse model and treatment

Six-week-old female BALB/c mice were used in this study. 
The experiment was conducted in strict accordance with the 
Regulations on the Administration of Laboratory Animals in 
Hubei Province. The use of laboratory animals was approved 
by the Scientific Ethic Committee of Huazhong Agricultural 
University (number HZAUMO-2018-059). A total of 305 
mice were divided into eight groups: 272 mice in the infection 
groups, including JEV  (105 PFU, 0.1 mL), JEV  (105 PFU, 0.1 
mL) + Rapa (5 mg/kg [0.5 mg in 1 mL DMEM per mouse], 
0.2 mL), JEV  (105 PFU, 0.1 mL) + Wort (1 mg/kg [0.2 mg in 1 
mL DMEM per mouse], 0.2 mL), and JEV  (105 PFU, 0.1 mL) 
+ CQ (50 mg/kg [5 mg in 1 mL DMEM per mouse], 0.2 mL). 
The remaining mice were divided among the control groups, 
including DMEM (0.1 mL), Rapa (5 mg/kg, 0.2 mL), Wort (1 
mg/kg, 0.2 mL), and CQ (50 mg/kg, 0.2 mL). In particular, 
Rapa, Wort, and CQ were administered 2 h prior to JEV chal-
lenge and then administered daily for 10 consecutive days. The 
mice were given continuous access to food for 20 days, with 
daily observation and recording of their clinical signs. Clini-
cal signs were scored based on a previously reported scale for 
JEV-infected mice [24]. All experiments were conducted using 
the protocol recommended by the Research Ethics Committee 
of the College of Veterinary Medicine, Huazhong Agricultural 
University, Hubei Province, China.

Collection of mouse brain samples

Five mice in each group were sacrificed at 5, 7, 10, and 15 
days after JEV infection. The remaining mice were sacrificed 
at 20 days after JEV infection. The mice were sacrificed by 
cervical dislocation prior to collection of brain tissue sam-
ples. The left brain was frozen. Portions of the right cerebral 
cortex were taken (about the size of a sesame seed) and fixed 
in 2.5% glutaraldehyde, with the remaining portions fixed in 
4% formaldehyde.

Transmission electron microscopy (TEM)

After the small pieces of tissue were completely fixed in 
2.5% glutaraldehyde, the tissues were embedded using a 
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pure embedding medium (anhydrous acetone mixed with an 
embedding agent at a volume ratio of 1:1). After the tissue 
boundaries were trimmed, the tissues were sliced into ultra-
thin sections (80–100 nm), which were stained sequentially 
with 4% uranyl acetate and lead citrate. The samples were 
observed and photographed using a TECNA110 transmis-
sion electron microscope (Philips, Netherlands).

Paraffin sectioning

After the brain tissues were fixed with 4% formaldehyde 
for 48 h, they were dehydrated using an ethanol gradient, 
embedded in paraffin with the cut surface down, and serially 
sectioned at 5 μm. Subsequently, the sections were subjected 
to different staining methods.

Hematoxylin–eosin (HE) staining

The standard HE staining method was adopted to stain 
selected tissues: the nuclei were stained with hematoxylin, 
whereas the cytosol and extracellular matrix were stained 
with eosin, followed by mounting with neutral gum.

Immunohistochemical (IHC) staining

Paraffin sections were dewaxed and placed in 3%  H2O2 to 
quench endogenous peroxidase and were heated in citrate 
buffer at 96 °C to complete antigen retrieval. After washing, 
the sections were blocked in 5% BSA for 1 h. Then, they 
were incubated with a mouse anti-JEV primary antibody 
(1:100, provided by the State Key Laboratory of Agricul-
tural Microbiology, Huazhong Agricultural University) and 
a secondary antibody (HRP-labelled goat anti-mouse/rabbit 
IgG, Gene Tech Co., Ltd., Shanghai, China). Finally, color 
development was performed with DAB, and hematoxylin 
was counterstained. All IHC-stained sections were scanned 
using a Leica Aperio CS2 section scanning system.

RNAScope staining

RNAScope staining was performed according to the instruc-
tions of the RNAScope staining kit as follows. The sections 
were first dewaxed and dried completely, and RNAscope 
hydrogen peroxide was then added dropwise. Afterward, 
the slides were placed in boiling RNAscope target retrieval 
reagent for antigen retrieval. Next, the slides were incubated 
with the appropriate probe at 40 °C. After washing, the sam-
ples were detected with a Fast Red substrate, counterstained 
with hematoxylin, and mounted in glycerogelatin. All IHC-
stained sections were scanned using a Leica Aperio CS2 
scanner.

Tissue immunofluorescence

Paraffin sections were dewaxed in water and placed in 3% 
 H2O2 to quench endogenous peroxidase. Antigen retrieval 
was performed by heating the sections in citrate buffer at 96 
°C. After washing, the sections were blocked with 5% BSA 
for 1 h. Then, they were incubated with primary antibodies 
(mouse anti-JEV-E antibody, 1:100, State Key Laboratory 
of Agricultural Microbiology, Huazhong Agricultural Uni-
versity; rabbit anti-LC3A/B antibody, 1:100, Seville Biotech 
Co., Ltd.) and secondary antibodies (FITC goat anti-mouse 
IgG; Cy3 goat anti-rabbit IgG). After washing, DAPI stain-
ing, and mounting with an anti-fluorescence quencher, the 
fluorescence signals were detected using a fluorescence con-
focal microscope.

Quantitative real‑time PCR (qPCR)

The total RNA of brain tissue was extracted with TRIzol 
Reagent, following the manufacturer’s instructions, and then 
reverse transcribed into cDNA using a TAKARA reverse 
transcription kit. Afterward, the qPCR reaction was carried 
out using a TAKARA qPCR kit. The primer sequences for 
the qPCR reaction are shown in Table 1. The reaction condi-
tions for qPCR were as follows: pre-denaturation at 95 °C 
for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 
30 s, and melting curve analysis at 95 °C for 15 s, 60 °C for 
30 s, and 95 °C for 15 s. The relative expression levels of 
target genes in each sample were calculated using the  2-ΔΔCt 
analysis method.

Western blot

Total tissue protein was extracted using RIPA lysate, 
and protein quantitation was performed using the BCA 
method, with each sample adjusted to have the same 
protein content. After a prepared gel of a suitable con-
centration was fixed in an electrophoresis tank, protein 
samples and a marker were added to the sample wells 
using a micropipette for electrophoresis. Each excised 
protein band (gel slice) was transferred to a PVDF mem-
brane, blocked with 5% skim milk at 37 °C, and incubated 
with TBST-diluted primary antibodies overnight at 4 °C. 

Table 1  Q-PCR primer sequences

Gene name Forward primer (5’-3’) Reverse primer (5’-3’)

β-actin cactgccgcatcctcttcctccc caatagtgatgacctggccgt
IL-6 agacttccatccagttgcct tctcctctccggacttgtgaa
IL-1β atgaaagacggcacacccac gcttgtgctctgcttgtgag
TNF-α tggcctccctctcatcagtt Ttgagatccatgccgttggc
JEV-E tgggactttggctctattgg agaacacgagcacgcctcct
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The primary antibodies were as follows: PI3 Kinase P85 
alpha (ABclonal), Phospho-AKT (BOSTER), Phospho-
JNK1/2 (ABclonal), Phospho-ERK1 (ABclonal), NF-κB 
(ABclonal), and GAPDH (Servicebio). Next, TBST-
diluted secondary antibodies were added for incubation 
at 37 °C, and a color-developing solution was used to 
produce colored bands, whose grey values were analyzed 
using ImageJ software. The relative expression levels of 
PI3K, P-AKT, P-ERK, P-JNK, and P65 proteins in brain 
tissues were measured using GAPDH as an internal refer-
ence. Quantitative statistics of the grey values of related 
proteins were performed using ImageJ software.

Statistical analysis

Data are expressed as the mean ± SD, and intergroup dif-
ferences were analyzed using one-way ANOVA, with P < 
0.05* and P < 0.01** indicating significance and extreme 
significance, respectively.

Results

Neurological symptoms in mice infected with JEV

Neurological symptoms in mice infected with JEV were 
observed and scored [24]. The JEV+Rapa group had a long 
duration of clinical signs (5–20 days after JEV infection), 
and noticeable phenotypic signs of piloerection, arched 
back, and motor dysfunction were present. The JEV group 
had a short duration of signs (5–12 days after JEV infection) 
and showed significant neurological signs. The JEV+Wort 
group showed only mild mental depression and piloerec-
tion at 7–10 days post JEV infection and then returned to 
normal. No significant neurological signs were observed 
in the JEV+CQ, DMEM control, and drug control groups 
(Figs. 1A and B). The JEV+Rapa group had a 65.5% mor-
bidity rate and the lowest survival rate among all groups. The 
JE incidence in the JEV group was 32.7%. The JEV+Wort 
group had a lower morbidity rate and a survival rate of 90%. 
The survival rate in the JEV+CQ group was nearly 100%. 
No clinical signs were observed in the DMEM and drug 
control groups (Fig. 1C and D).

Fig. 1  Autophagy inhibitors alleviate neurological signs in Japanese 
encephalitis virus (JEV)-infected mice. (A) The JEV and JEV+ Rapa 
groups developed neurological signs at 5-12 days after JEV infection. 
(B) Behavioural scores showed that the neurological signs disap-
peared in the JEV group at 12 days after JEV infection. The mice in 
the JEV+Rapa group had obvious neurological signs 5-20 days after 
virus infection, and those in the JEV+ Wort group exhibited pilo-
erection. The other groups did not show evident neurological signs. 
Behaviour score: 0 = asymptomatic; 1 = mental depression and pilo-

erection; 2 = mental depression, piloerection, and arched back; 3 = 
mental depression, piloerection, arched back, and motor disorder; 4 
= mental depression, piloerection, arched back, motor disorder, and 
eyelid swelling. (C) Statistical analysis of JEV prevalence in mice 
(the ratio of the number of symptomatic mice to the total number of 
mice). (D) Statistical analysis of survival rate of mice infected with 
virus after 20 days (the ratio of the number of surviving mice to the 
total number of mice).
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Relationship between autophagy and viral infection

The brain tissues of three mice in different treatment 
groups were subjected to TEM to observe the dam-
age of the subcellular structure, and co-localization of 
the autophagy factor LC3 with the JEV E protein was 
observed using tissue immunofluorescence. These results 
showed that severe mitochondrial damage had occurred 
in the brain tissue of mice in the JEV and JEV+Rapa 
groups, while the damage in the brain tissue of mice in 
the JEV+Wort and JEV+CQ groups was mild (Fig. 2). 
Meanwhile, co-localization of LC3 and the E protein 
occurred in more neurons in the brain tissue of the JEV 
and JEV+Rapa groups. However, a small number of neu-
rons in the brain tissue of JEV+Wort and JEV+CQ groups 
exhibited co-localization signals (Fig. 3).

Distribution of JEV in the brain tissues 
of JEV‑infected mice

Brain tissues were collected at 10 days postinfection. Then, 
RNAScope staining and IHC staining were used to observe 
the distribution of the JEV-nucleic-acid-positive signal 
and to detect the distribution of the JEV-antigen-positive 
signal, respectively. RNAScope staining revealed that the 
viral nucleic acids of the JEV group were mainly distributed 
in the cerebral cortex and thalamus in brain tissues. In the 
JEV+Rapa group, JEV nucleic acids were mainly distributed 
in the cerebral cortex, olfactory tubercle, thalamus, mesen-
cephalon, pons, and medulla oblongata. No obvious JEV-
nucleic-acid-positive signal was seen in the brain tissues of 
the JEV+Wort and JEV+CQ groups. IHC staining showed 
that the JEV antigen in brain tissues of the JEV, JEV+Wort, 

Fig. 2  Autophagy inhibitors have a protective effect on the subcellu-
lar structure of brain tissue. Transmission electron microscopy (TEM) 
was used to observe the pathological changes of subcellular structure 
in mouse brain tissue. Severe mitochondrial damage to brain tissue 

was observed in the JEV+Rapa and JEV groups, and slight damage 
to mitochondria of brain tissue was observed in the JEV+Wort and 
JEV+CQ groups (red arrow, mitochondria; scale bar, 2 µm).

Fig. 3  Autophagy inhibitors reduce the colocalization of the 
autophagy factor LC3 and Japanese encephalitis virus (JEV) E pro-
tein in brain tissues of mice infected with JEV. (A) Confocal immu-
nofluorescence images of the LC3 protein (red) and the JEV E pro-
tein (green) with a scale bar of 50 μm. Co-localization was observed 
in a large number of neurons in the brain of mice in the JEV+Rapa 
and JEV groups in fewer neurons in the brain of the mice in the 

JEV+Wort and JEV+CQ groups. (B) Average number of cells with 
co-localized LC3 protein and JEV E protein in multiple fields of 
view. Each error bar represents the standard deviation (SD) of the 
number of cells in three independent experiments, with each experi-
ment involving 10 fields of view and each field containing about 150 
cells.
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and JEV+CQ groups was mainly distributed in the cerebral 
cortex, whereas that in the JEV+Rapa group was mainly 
concentrated in the cerebral cortex, thalamus, hypothalamus, 
mesencephalon, and pons (Fig. 4A).

To confirm that autophagy inhibitor treatment might alle-
viate JEV infection in JEV-infected mice, qPCR was per-
formed to determine the JEV load in mouse brain tissues at 
10 and 20 days after JEV infection. The results showed that 
the JEV and JEV+Rapa groups had a significantly higher 
JEV load than the JEV+Wort and JEV+CQ groups at 10 
days postinfection (P < 0.01). The JEV load in the brain of 
different groups of mice decreased 20 days after infection, 
but the JEV+Rapa group had a significantly higher JEV load 
than the JEV, JEV+Wort, and JEV+CQ groups (P < 0.01) 
(Fig. 4B).

Inflammatory responses

To evaluate the effectiveness of autophagy inhibitors in JEV-
induced encephalitis, mouse brain tissues were observed at 
10 and 20 days after JEV infection. The brain tissues of the 
JEV and JEV+Rapa groups showed obvious vascular inflam-
matory responses and microglial proliferation. Mild vascular 
inflammatory responses were found in brain tissues of the 
JEV+Wort and JEV+CQ groups, but obvious microglial 
proliferation was observed. Pathological changes in brain 

tissues of the control and single-administration groups were 
not evident (Fig. 5).

To confirm that autophagy inhibitors might alleviate 
inflammatory responses in mouse brain tissues, qPCR was 
performed to determine the expression levels of the pro-
inflammatory cytokines IL-6, IL-1β, and TNF-α in the 
mouse brain tissues of different treatment groups. The results 
showed that the secretion of pro-inflammatory cytokines in 
brain tissues of the JEV and JEV+Rapa groups was sig-
nificantly higher than that in the JEV+Wort and JEV+CQ 
groups at 10 days after JEV infection (P < 0.01). The secre-
tion of pro-inflammatory cytokines in the brain of differ-
ent groups was obviously decreased 20 days after infection, 
but the expression levels of IL-1β and TNF-α in the brain 
was significantly higher in the JEV+Rapa group than that in 
other groups (P < 0.01) (Fig. 6).

Role of the PI3K/AKT pathway in brain tissues 
of JEV‑infected mice

Wort is an inhibitor of PI3K, so the effect of autophagy 
inhibitors on the PI3K/AKT pathway was investigated. 
Mouse brain tissues were collected at 10 days after JEV 
infection and subjected to protein extraction, followed by 
Western blot analysis to evaluate the regulation of down-
stream signals by the PI3K/AKT pathway and the effects 
of this pathway on the nuclear translocation of NF-κB. The 

Fig. 4  Autophagy inhibitors reduce the distribution of Japanese 
encephalitis virus (JEV) in brain tissues of mice infected with JEV. 
(A) 10 days after JEV infection, RNAScope staining was used to 
observe the distribution of JEV nucleic acid positive signal (red), and 
immunohistochemical (IHC) staining was used to observe the distri-
bution of JEV antigen (brown) (400 X). (B) The JEV load in brain 
tissues was measured using qPCR. Left, the viral load 10 days after 
JEV infection; right, the viral load 20 days after JEV infection. Total 
RNA was extracted from JEV-infected cells using TRIzol Reagent 

and reverse transcribed into cDNA using a TAKARA PrimeScriptTM 
RT reagent Kit with gDNA Eraser, followed by CT value determina-
tion based on the fluorescent dye in the TAKARA TB  GreenTM Pre-
mix Ex  TaqTM II kit and appropriate primers. Each error bar repre-
sents the standard deviation of three independent measurements for 
three mice in a group. One-way ANOVA was performed using Graph 
Pad Prism 6 software. **, p < 0.01; *, p < 0.05, compared with each 
group.
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levels of PI3K, P-AKT, P-JNK, and P65 proteins in the JEV 
and JEV+Rapa groups were not significantly different from 
those of the other groups (P < 0.05) (Fig. 7).

Discussion

JEV, a neurotropic virus, causes severe inflammatory reac-
tions in the central nervous system [25, 26]. Previous studies 
have shown that the autophagy pathway positively regulates 
the replication of JEV in the early stage of viral infection in 
vitro [8]. Due to the complexity of the body’s response, the 
effect of autophagy-regulating drugs on JEV infection and 
host response in mice infected with JEV should be stud-
ied further. In this study, a JEV mouse model was estab-
lished, and the mice were injected intraperitoneally with an 
autophagy inducer and inhibitors to investigate the effect of 
autophagy modulators on the severity of JEV infection in 
mice and their mechanisms of action.

When infected with JEV, mice develop notable neurologi-
cal symptoms such as ataxia and dyskinesia [24]. After the 
mice began to show symptoms, we observed their symptoms 
every day and scored the symptoms [24]. The mice in the 
Rapa+JEV group showed clinical manifestations of varying 
severity at 5–20 days after JEV infection, including piloerec-
tion, arched back, eye congestion, and hind limb paralysis. 
The mice in the JEV group without any other treatment 
developed clinical signs at 5–10 days after JEV infection but 
recovered to normal in the late stage of infection. Some of 
the JEV-infected mice treated with Wort and CQ developed 
early mild signs. The mice in the Wort+JEV group had a 
survival rate of nearly 90%, and those in the CQ+JEV group 
had a survival rate of nearly 100%. In addition, we found that 
the brain tissues of mice in the JEV+Wort and JEV+CQ 
groups had less mitochondrial damage. This is consistent 
with the analysis of clinical signs in mice.

Among the autophagy-related ATG proteins, microtu-
bule-associated proteins (LC3I, LC3II), homologs of mam-
malian ATG8, were identified as a marker of autophago-
somes [27]. Early studies have shown that non-lipid LC3 in 
the autophagy pathway is a key host factor that affects the 
replication life cycle of JEV, and it mainly plays a role in the 
early stages of JEV infection [11]. Compared with mice in 
the JEV+Wort and JEV+CQ groups, the co-localization of 
LC3 and JEV-E appeared in more neurons in the brain tis-
sue of mice in the JEV and JEV+Rapa groups. Autophagy 
is functional early during infection, but as the infection 
progresses, autophagosome maturation is inhibited, which 
causes dysfunctional autophagy [11]. Combined with our 
experiments, the results suggested that Wort and CQ might 
reduce the prevalence of mice being infected with JEV by 
weakening the interaction between autophagy and JEV 
infection. To determine whether the early stage or late stage 
of autophagy has a stronger influence on viral infection, bet-
ter research methods and larger clinical trials are needed due 
to the complexity of the body’s response and the complex 
mechanism of autophagy.

JEV mainly acts on the central nervous system and causes 
neurological symptoms [28]. JEV is mainly distributed in 
the cerebral cortex, basal ganglia, thalamus, mesencephalon, 
pons, and medulla oblongata [28]. To determine whether 
autophagy inhibitors weakened the neurological signs in 
mice by reducing the degree of JEV infection, we assessed 
the degree of JEV infection in mouse brain. The results 
showed that JEV was distributed in the cerebral cortex, 
thalamus, or even the whole brain of mice in the JEV+Rapa 
group, while JEV was mainly distributed in the cerebral cor-
tex and thalamus in brain tissues of mice in the JEV group. 
Moreover, JEV was mainly distributed in the cerebral cor-
tex in brain tissues of mice in the JEV+Wort and JEV+CQ 
groups. In addition, we found that the viral load in the brain 
tissue of mice in the JEV+Wort and JEV+CQ groups was 

Fig. 5  Autophagy inhibitors alleviate histopathological changes in 
the brain tissues of Japanese encephalitis virus (JEV)-infected mice. 
Significant perivascular cuffing was observed in the brain tissues of 
the JEV and JEV+Rapa groups at 10 days after JEV infection (blue 
arrows). Glial cell proliferation occurred in the brain tissues of 

the JEV and JEV+Rapa groups at 20 days after JEV infection (red 
arrows). The JEV+Wort and JEV+CQ groups showed mild vasculi-
tis and obvious glial cell proliferation after JEV infection. The con-
trol and drug control groups showed normal brain tissue morphology 
(400X).
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significantly lower than that in the JEV and JEV+Rapa 
groups at 10 days after virus infection, which was consist-
ent with the above test results. This result further confirmed 
that Wort and CQ might reduce the degree of virus infection 
in brain tissue of mice infected with JEV.

As a neurotropic virus, JEV infection mainly affects brain 
tissue, inducing pathological changes in brain tissue to vary-
ing degrees. These are mainly manifested as degeneration 
and necrosis of neurons, glial cell proliferation, and perivas-
cular cuffing [29]. The histopathological results showed that 
the brain tissue of mice in the JEV and JEV+Rapa groups 
had obvious vascular inflammation and late glial cell 

proliferation, while the mice in the JEV+Wort and JEV+CQ 
groups had slight vascular inflammatory response and obvi-
ous glial cell proliferation. The number of reactive astrocytes 
and activated microglia in mice increases after infection. In 
rodents, astrocytes produce cytokines such as IL-6, IL-1, and 
IL-18, and they release only CCL5 chemokine [26, 30]. To 
confirm that autophagy inhibitors might alleviate the vascu-
lar inflammatory responses in brain tissues in JEV-infected 
mice, we measured the expression levels of IL-1, IL-6, and 
TNF in brain tissues of mice in the JEV+Wort and JEV+CQ 
groups. The results showed that the expression levels of 
these cytokines were significantly lower than those in the 

Fig. 6  Autophagy inhibitors reduce the secretion of pro-inflammatory 
cytokines in the brain tissues of mice infected with JEV. Brain tis-
sues were sampled at 10 and 20 days after JEV infection, and total 
RNA was extracted. The expression levels of IL-6, IL-1β, and TNF-α 
in the brain tissues of mice infected with JEV were determined 

using Q-PCR. Each error bar represents the standard deviation of 
three independent measurements for three mice in a group. One-way 
ANOVA was performed using Graph Pad Prism 6 software. **, p < 
0.01; *, p < 0.05, as compared with each group.
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JEV and JEV+Rapa groups. Therefore, combined with our 
experiments, the results suggested that autophagy inhibitors 
might reduce the degree of inflammation in brain tissues of 
mice infected with JEV, which may be related to the sup-
pression of JEV infection in mice by autophagy inhibitors. 
On the other hand, the ability of pathogens to invade cells 
depends on their ability to bind to the corresponding cel-
lular receptor [31]. Autophagy can be activated as an innate 
immune mechanism to control infection by intracellular 
pathogens [32–34]. Previous research has demonstrated 
that autophagy-deficient A549 cells show increased levels 
of IFNB, IL6, and IP10 mRNA in response to JEV infection 
[8]. Wort and CQ might inhibit JEV infection by enhancing 
the immune response in the peripheral or central nervous 
system, which inhibits the immune response caused by JEV 
infection and exerts a certain protective effect on brain tissue 
in JEV-infected mice.

The PI3K/AKT pathway plays an important role in reg-
ulating various inflammatory responses [35]. As an early 
autophagy inhibitor, Wort can prevent autophagosome for-
mation, primarily by inhibiting the activity of PI3K [13, 14]. 
In addition, the endoplasmic reticulum is an organelle for 
viral replication and maturation, and a growing body of evi-
dence indicates that endoplasmic reticulum stress induces 
autophagy [36]. Early studies have found that hepatitis C 

virus and hepatitis B virus promote autophagosome forma-
tion by inducing ER stress, and the UPR signaling pathway 
is involved in activating autophagy pathways [37]. In this 
study, the results showed that the PI3K/AKT, PERK, and 
NF-κB signaling pathways did not exhibit significant activa-
tion, which may be related to the complexity of the body’s 
response and the antiviral mechanism of CQ drugs on envel-
oped RNA viruses such as SARS-CoV [38]. We found that 
the antiviral effect of CQ drugs on JEV may be related to 
the drug’s interference with the terminal glycation of cell 
receptors to weaken the ability of the virus to bind to the 
receptor. However, large-scale experiments are still needed 
to determine the protective mechanism of Wort and CQ and 
their ability to weaken inflammatory response in the brain 
of mice infected with JEV.

Conclusions

In summary, this study initially showed that the autophagy 
inhibitors wortmannin and chloroquine slowed the occur-
rence of neurological symptoms and reduced the degree of 
destruction of the subcellular structure of brain tissues in 
JEV-infected mice. In addition, the autophagy inhibitors 
wortmannin and chloroquine reduced the distribution of 

Fig. 7  Autophagy inhibitors may reduce the secretion of inflam-
matory factors by reducing the activation of the PI3K/AKT/NF-кB 
pathway. Brain tissues were sampled at 10 days after JEV infection, 
followed by separation of cytoplasmic proteins and nucleoproteins. 
The expression levels of PI3K, P-AKT, P-JNK, P-ERK, and P65 pro-
teins were measured using western blot and scanning densitometry 

and normalized to GAPDH levels. (A) A representative image. (B) 
Quantitative data. Each error bar represents the standard deviation of 
three independent measurements for three mice in a group. One-way 
ANOVA was performed using Graph Pad Prism 6 software. **, p < 
0.01; *, p < 0.05, compared with each group.
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JEV in the brain of mice and weakened the inflammatory 
response in the brain of mice infected with JEV. Further 
study is needed to determine the protective mechanism.
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