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Curcumin has been used in the study of central nervous system immune-related diseases and exerts a substantial
neuroprotective effect. However, the mechanism remains unclear. The AKT/mTOR autophagy-related signalling
pathway plays an important role in tumour therapy, but whether curcumin plays a therapeutic role in multiple
sclerosis (MS) through this signalling pathway remains to be determined. As an animal model of MS, experi-
mental autoimmune encephalomyelitis (EAE) is induced by the myelin glial glycoprotein MOG35-55 in female
C57BL/6 mice. We first evaluated the changes in autophagy levels in EAE mice. Then, curcumin was in-

traperitoneally injected into the mice, and the expression of AKT/mTOR autophagy signalling pathway-related
proteins was evaluated. Our data show that 1. autophagy defects can cause neuronal damage in EAE mice; and 2.
curcumin may regulate the activation of autophagy in EAE mice by affecting the AKT/mTOR autophagy sig-
nalling pathway, further balancing central nervous system and peripheral autophagy.

1. Introduction

As a common central nervous system (CNS) inflammatory demye-
linating disease, multiple sclerosis (MS) currently affects approximately
2.5 million people worldwide, mainly among young people and females
(Dendrou and Fugger, 2017). The disease is characterized by in-
flammatory demyelination and neuronal degeneration, and patients are
often affected by varying degrees of neurological symptoms. Long-term
progress can lead to the accumulation of CNS lesions and even the
occurrence of various complications of disability, seriously affecting
patient health (Hemmer et al., 2015).

The pathogenesis of MS is still unclear. In recent years, some
scholars have discovered that autophagy is involved in the pathophy-
siological process of nervous system immune diseases and degenerative
diseases (Tian et al., 2011). Autophagy is a non-invasive response of
cells to sustained internal and external stimuli that maintains cell
structure, metabolism and homeostasis. It can be divided into macro-
autophagy, microautophagy and molecular chaperone-mediated au-
tophagy according to the way the substrate enters the lysosome, and the
most widely studied form is macroautophagy (Zhang, 2015). Studies
have reported that autophagy not only plays an important role in
maintaining the normal physiological function of cells but also parti-
cipates in the body's immune response under pathological conditions.

There is a dual regulation of the immune response in CNS disease,
which may affect the occurrence, development and outcome of MS
(Schmid et al., 2007). In studies on experimental autoimmune en-
cephalomyelitis (EAE, an animal model of MS), autophagy defects were
found to lead to EAE-induced neuronal damage, and the use of autop-
hagy-regulating drugs could alter inflammatory infiltration, clinical
scores, and the degree of neuronal damage (Feng et al., 2017). There-
fore, in recent years, research on the role of autophagy in the patho-
genesis and treatment of MS has attracted attention, and the regulation
of autophagy has become a promising new therapeutic concept. For MS
treatment, although > 10 disease-modifying drugs are available for
clinical use, most MS patients still have varying degrees of disability
and persistent clinical symptoms. Therefore, it is important to further
explore drugs for MS treatment. There have been many studies on the
prevention and treatment of MS by plant extracts from natural com-
pounds at home and abroad. Curcumin has shown neuroprotective ef-
fects in MS and the EAE model (Mohajeri et al., 2015). Some scholars
have reported that in EAE mice, curcumin shortens the clinical course
and reduces the proportion of TH17 cells and the levels of chemotactic
cytokines (Kanakasabai et al., 2012). Studies have also shown that
curcumin significantly reduces the number of apoptotic cells and in-
hibits the upregulation of cyt-c, caspase-9 and caspase-3 in EAE mice,
suggesting that curcumin can inhibit apoptosis in EAE mice. This
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compound may act by preventing mitochondrial damage and inhibiting
the intrinsic apoptotic pathway (Feng et al., 2014). Some scholars have
also found that the application of polymeric nano-curcumin (PNC), an
anti-inflammatory and anti-oxidative stress agent, has a significant ef-
fect in the rat EAE model and impacts EAE scores and myelin repair
(Mohajeri et al., 2015). Recent studies have shown that in tumour cells,
curcumin can play a role by affecting the protein kinase B/mammalian
rapamycin target protein (AKT/mTOR) signal transduction pathway,
which is important in autophagy (Wei et al., 2017). However, there is
still a lack of research on the specific mechanism of action of curcumin
in MS or the EAE model. Therefore, this study establishes the EAE
model to explore whether curcumin can exert its neuroprotective effect
by affecting the AKT/mTOR autophagy signalling pathway and pro-
vides a theoretical basis for the identification of new effective drugs for
MS.

2. Materials and methods
2.1. Mice

Female C57BL/6 mice (aged 6-8 weeks, weighing 18-20 g) were
purchased from the Animal Experimental Center of Gansu University of
Chinese Medicine in Gansu, China. The mice were maintained under
specific pathogen-free conditions at room temperature (24 + 2°C)
with a 12-h light/dark alternate cycle and were given free access to
food and water. All animal experiments performed in this study were
approved by the Institutional Animal Care and Use Committee of
Lanzhou University and the local experimental ethics committee.

2.2. EAE induction and evaluation

The mice were randomly distributed to the control group, the EAE
group, the rapamycin treatment group and the curcumin treatment
group. The EAE group was divided into four subgroups: the pre-immune
group (7 days), the pre-morbid group (14 days), the peak incidence
group (21 days) and the disease recovery group (30 days). EAE was
induced in the mice with a subcutaneous injection of 250 pg of the
myelin oligodendrocyte glycoprotein (MOG) p35-55 peptide (CS Bio
CS0681), as previously described. All peptides were dissolved in com-
plete Freund's adjuvant (CFA; Sigma, MO, USA) containing 4 mg/ml
heat-killed Mycobacterium tuberculosis H37Ra (Difco Laboratories,
Detroit, MI, USA) (Li et al., 2012). On the day of immunization and
2 days later, the mice received an intraperitoneal (IP) injection of
500 ng of pertussis toxin (Alexis, San Diego, CA, USA). Clinical scores
were measured daily, as follows: O - no paralysis; 1 - loss of tail tone; 2 -
hindlimb weakness; 3 - hindlimb paralysis; 4 - severe hindlimb and
forelimb paralysis; and 5 - moribund or death.

2.3. Rapamycin and curcumin treatment

The mice were separated randomly into a control group (n = 15), an
EAE group (n = 30), an EAE-DMSO group (EAE mice treated with
DMSO; n = 15), an EAE-Rapa group (EAE mice treated with rapamycin;
n =15), and an EAE-Cur group (EAE mice treated with curcumin;
n = 15). Rapamycin (2 mg/kg; Sigma) or curcumin (10 mg/kg; Sigma)
IP injections were given once daily for 15 days starting on the 8th day of
EAE induction. EAE-DMSO mice received a daily IP injection of the
same volume (0.2 ml /s; Sigma) of 20% DMSO solution.

2.4. Histological evaluation

The spinal cords were removed from the mice in each group 21 days
post immunization. After anaesthetizing the mice with 10% chloral
hydrate (0.2ml /mouse), 4% paraformaldehyde was perfused for 0.5 h.
Then, the lumbar enlargement of the spinal cord was dissected, fixed
and embedded in paraffin for pathological sectioning. The spinal cords
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were sliced into 5-um-thick axial sections. These sections were stained
with haematoxylin-eosin (H&E), Weil's stain and blue-cresyl violet to
assess demyelination and inflammatory lesions (Zhen et al., 2015).

Histopathological findings were determined: The spinal cord sec-
tions stained by HE and WEIL were observed under an optical micro-
scope. 3 spinal cord sections were taken from each mice, and 5 high-
power (400 x) fields were selected for each spinal cord section for in-
flammatory infiltration and myelin loss score, and the mean in-
flammatory infiltration and myelin loss score were calculated for each
mice.

H&E staining inflammation scoring criteria:

0 points: no inflammatory changes;

1point:inflammatory cell infiltration was only limited to the blood
vessels and the spinal membrane;

2 points: mild inflammatory cell infiltration in the spinal cord,
namely 1-10 pieces;

3 points: moderate inflammatory cell infiltration in the spinal cord,
namely 11-100 pieces;

4 points: severe inflammatory cell infiltration in the spinal cord,
namely > 100 tablets.

WEIL's criteria for scoring myelin sheaths:

0 points: white matter of normal brain or spinal cord;

1 point: point demyelination;

2 points: lamellar demyelination;

3 points: extensive demyelination involving the spinal cord.

2.5. Immunohistochemistry

Spinal cord sections were subjected to antigen retrieval using a
microwave in 0.01 mol/L citrate solution for 15 min, then incubated
with 3% H,0, and blocked with goat serum at room temperature for
15 min; an anti-LC3-II antibody (1:200), anti-AKT antibody (1:200),
anti-mTOR antibody (1:200) or anti-Beclin 1 antibody (1:100) was then
added and incubated overnight at 4 °C. The sections were then in-
cubated with a streptavidin-biotin-peroxidase complex (SABC) kit for
30 min, stained with 3,3’-diaminobenzidine (DAB), and counterstained
with H&E. The mounted sections were sealed with epoxy resin, and the
results were observed under a light microscope (Shen et al., 2016).

2.6. Western blot (WB) analysis

The total protein content of the spinal cords was extracted, sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. The membranes were
blocked in 5% (v/v) skim milk for 2h at room temperature and then
incubated overnight at 4 °C in primary antibody solution. Following 4
washes with 0.1% Tween in PBS, the membranes were incubated with
the horseradish peroxidase-conjugated secondary antibody for 2h at
room temperature. The membranes were washed again to remove the
unbound antibodies and detected by a WB detection system. The fol-
lowing antibodies were used: anti-Beclin 1 (1:1000, CST), anti-LC3-II
(1:1000, CST), anti-p62 (1:500, CST), anti-AKT (1:1000, CST), anti-
mTOR (1:500, CST), anti-p-AKT (1:200, CST), anti-p-mTOR (1:500,
CST), and secondary antibody (1:1000, Santa Cruz Biotechnology).
Positive signals were developed by an EasyBlot ECL Kit (Sangon
Biotech, Shanghai, China) and analysed with ImageJ 1.49 (National
Institutes of Health, Bethesda, MD, USA).

2.7. Real-time RT-PCR

For reverse transcriptase-polymerase chain reaction (RT-PCR) stu-
dies, the lumbar spinal cord was rapidly removed from the mice, im-
mediately frozen in liquid nitrogen and stored until needed. Total RNA
was extracted from the tissues using the total RNA isolation solution
according to the manufacturer's guidelines. The yield of RNA was de-
termined using a NanoDrop spectrophotometer (Thermo Fisher
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Scientific Inc., MA, USA), and 1 ug of RNA was used for the synthesis of
complementary DNA and subsequent PCR. Real-time PCR was per-
formed using 5x HOT FIRPOL® EvAGreen qPCR Mix Plus (Solis
BioDyne, Tartu, Estonia) and the CFX96TM Real-time Detection System
(Bio-Rad Laboratories, CA, USA). The following primers were used for
amplification: -ACTIN forward: 5-ATGCTCCCCGGGCTGTAT-3’ and [3-
ACTIN reverse: 5-CATAGGAGTCCTTCTGACCCATTC-3’. Semi-quanti-
tative analysis was performed by monitoring the real-time increase in
the fluorescence of the EvAGreen dye on an i-Cycler (Bio-Rad
Laboratories, CA, USA). To confirm single-band production, we per-
formed a melt-curve analysis and confirmed the results by electro-
phoresis and Red Safe staining (iNtRON Biotechnology, Kyungki-Do,
Korea). All data were normalized against actin mRNA levels and ex-
pressed as fold increases relative to controls.

2.8. ELISA

Twenty-one days after induction of the EAE model in the mice, 6
mice in each group were randomly selected for cardiac blood collection
in heparin anticoagulation tubes. After centrifugation at 3000 r/min for
30 min, the upper plasma layer was collected and diluted at an ap-
propriate ratio, and the mass concentrations of soluble IFN-vy, IL-17 and
TNF-a were measured in strict accordance with the ELISA kit
(Neobioscience, Shanghai, China) product specifications (Bravo et al.,
2016).

2.9. Statistical analysis

Data are presented as the mean * standard deviation. Statistical
analyses of comparisons between two groups were performed by
Student's t-test, while differences between three or more groups were
analysed by one-way analysis of variance followed by the Newman-
Keuls multiple comparison test. The data were analysed using SPSS 22.0
software (SPSS Inc., Chicago, IL, USA). A value of p < .05 was con-
sidered statistically significant.

3. Results

3.1. Dynamic expression of autophagy-related factors in the spinal cords of
EAE mice

LC3-II is closely associated with the number of autophagosomes,
and Beclin 1 is well known as an autophagy-related gene. p62
(SQSTM1/sequestosome 1) binds to LC3-II and can thus be used as an
indicator of autophagic flux. The suppression of LC3-II, Beclin 1 and
p62 expression reflects impaired autophagy (Kabeya et al., 2000). First,
immunohistochemical staining was used to localize the expression of
autophagy-related proteins in different stages of the EAE model. LC3-1I
and Beclin 1 were observed under a light microscope, and positive
expression was visible as a brownish yellow colour (Fig. 1). Second, WB
analysis was performed to monitor the levels of LC3-II, Beclin 1 and p62
in the spinal cords of mice on the 7th, 14th, 21st, and 30th days of EAE.
Downregulation of LC3-II was observed in EAE mice compared with the
control group at each time point, and the levels of LC3-II rebounded
during the recovery period (30th day) (Fig. 2A and B). The level of
Beclin 1 was also downregulated in EAE mice compared with that in the
control group, but it returned to the control level on the 30th day
(Fig. 2A and C). The expression of p62 was upregulated in the EAE
group compared with the that in the control group at each time point
(Fig. 2A and D). Overall, LC3-II and Beclin 1 showed a downward trend
in EAE mice, reaching a minimum at the peak of the disease (p < .05)
and slowly returning to the level of the control group after entering the
chronic phase; the changes in p62 levels showed the opposite trend.

Journal of Neuroimmunology 337 (2019) 577067

3.2. Influence of rapamycin and curcumin on pathological changes and
clinical scores in EAE mice

To investigate the detailed functions of autophagy in EAE mice,
histological evaluation was conducted in rapamycin- and curcumin-
treated EAE mice using H&E and Weil staining. We found that both the
population of infiltrated inflammatory cells and the area of the de-
myelinated lesion were smaller in EAE-rapamycin mice and EAE-cur-
cumin mice compared to those of the EAE group (Fig. 3). However,
there was no significant difference between EAE-rapamycin mice and
EAE-curcumin mice.

In addition, compared with the EAE-vehicle group, the EAE-Rapa
group and the EAE-curcumin group showed an obviously postponed
onset of disease symptoms, a reduced disease incidence, and an im-
proved clinical score. The mean symptom score and the highest
symptom scores of the curcumin group and the rapamycin group were
significantly different (p < .05) from those of the EAE group, but there
was no significant difference between the two drug treatment groups.
Overall, we inferred that autophagy recovery might ameliorate in-
flammation and demyelination and improve clinical scores in EAE mice
(Fig. 4).

3.3. Influence of rapamycin and curcumin on AKT/mTOR autophagy
signalling pathway-related factors in EAE mice

First, the spinal cord lumbar enlargement of the mice in each group
at the peak of onset (21 days) was immunohistochemically stained.
Positive expression of AKT, mTOR and LC3-II was visualised as a
brownish yellow colour under light microscopy. The immunoreactive
product of the AKT protein is mainly expressed in the cytoplasm, and a
small amount is expressed on the cell and nuclear membranes. Positive
expression in the spinal cord was observed in the control group. The
expression in the EAE group and the DMSO group was significantly
stronger than that in the normal group, while the expression in the
curcumin group and the rapamycin group was not significantly stronger
than that in the control group. The mTOR protein was mainly stained in
the cytosol and membrane, and the control group also showed positive
expression; the changes in mTOR were similar to the changes in AKT in
each group. In contrast, LC3-II was expressed in the cytoplasm. Positive
expression was observed in the spinal cord of the control group. The
expression in the EAE group and the DMSO group was significantly
weaker than that in the normal group, while the expression in the
curcumin group and the rapamycin group was not significantly weaker
than that in the control group (Fig. 5). In addition, WB analysis was
used to study the regulation of the AKT/mTOR autophagy-related sig-
nalling pathway in spinal cord tissue 21 days after mouse EAE induc-
tion. WB detection of the phosphorylation state of AKT/mTOR is im-
portant because the activation of the signalling pathway is mediated by
the phosphorylation of the proteins. Specifically, compared with the
control group, p-AKT, p-mTOR and p62 were highly expressed in the
spinal cord tissue of the EAE group, while LC3-II and Beclin 1 were
expressed at low levels. In contrast, compared with the EAE group, p-
AKT, p-mTOR, and p62 were downregulated in the curcumin group and
rapamycin group, while LC3-II and Beclin 1 expression increased sig-
nificantly (except p-AKT, p < .05); in addition, there was no significant
difference between the two drug treatment groups (p > .05). There
were no significant differences in the non-phosphorylated AKT and
mTOR proteins between the EAE group and the curcumin group
(Fig. 6).

3.4. Influence of rapamycin and curcumin on the expression of ATG5 and
LC3-II mRNA in EAE mice

We investigated the expression of ATG5 and LC3-II mRNA in the
spinal cords of mice in the EAE model of MS by real-time RT-PCR. ATG5
expression was decreased in the EAE group compared to that of the
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Fig. 2. Expression of the LC3-1I, Beclin 1 and p62 proteins detected by Western blotting in the spinal cord at various time points. A and B show a WB analysis of LC3-II
protein levels in the spinal cord of EAE mice on days 7, 14, 21 and 30 after EAE induction. A and C show a WB analysis of Beclin 1 protein levels at 7, 14, 21 and
30 days post immunization. A and D show a WB analysis of p62 protein levels at 7, 14, 21 and 30 days post immunization. Three spinal cord samples were tested at
each time point, and * indicates that the difference was statistically significant, with p < .05 compared with the control group.
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Fig. 3. Infiltration of inflammatory cells detected by H&E staining (40 x and 200 X ) and myelin loss detected by Weil staining (200 x and 400 x) in spinal cord
tissue. The lumbar spinal cords were sampled on the 21st day after experimental autoimmune encephalomyelitis (EAE) induction from the control, EAE, EAE-DMSO,
EAE-rapamycin (Rapa) and EAE-curcumin (Cur) groups. The tissues were subjected to paraffin sectioning and stained with H&E and Weil's stain. Quantification of (A)
infiltrated inflammatory cells and (B) the demyelinated lesion area. * indicates that the difference was statistically significant, with p < .05 compared with the EAE

group.

control group. Rapamycin and curcumin administration were able to
increase the level of ATG5 expression (p < .05; Fig. 7A). We observed
that in the EAE-Rapa group and the EAE-Cur group, ATG5 expression
was increased compared to that of the MOG-induced EAE group
(p < .05; Fig. 7B). Similarly, the trend of LC3-II was similar to that of
ATGS5, and we observed that LC3-II expression was also decreased in the
EAE group compared to that of the control group. In the EAE-Rapa
group and the EAE-Cur group, LC3-II expression was increased

compared to that of the MOG-induced EAE group (p < .05). There
were significant differences in the expression of ATG5 and LC3-II be-
tween the two drug treatment groups (p < .05).

3.5. Influence of rapamycin and curcumin on inflammatory factors in EAE
mice

On the 21st day after model establishment, peripheral blood was
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collected from each group of mice. The concentrations of soluble IFN-y, expression levels of IL-17 and IFN-y in the curcumin treatment group
IL-17 and TNF-a in the plasma were detected by ELISA. The results decreased slightly; in contrast, the TNF-a level increased, but the dif-
showed that the expression of IFN-y, IL-17 and TNF-a in the EAE mice ference was not significant (p > .05) (Fig. 8).
was significantly higher than that in the normal group (p < .05), while
the concentrations of IFN-y and IL-17 in the curcumin-treated and ra-
pamycin-treated mice were significantly lower than those of the EAE 4. Discussion
model (p < .05). Compared with those of the rapamycin group, the
Autophagy is a lysosome-dependent degradation pathway that is

DIV

401w

II -€I1
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Fig. 5. Inmunohistochemical images of AKT, mTOR, and LC3-II in the spinal cord (400 X ).
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difference was statistically significant.
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Fig. 7. The expression of ATG5 and LC3-II mRNA in

the spinal cords of mice in the EAE model of MS by
* real-time RT-PCR. (A) and (B) Relative expression of
ATG5 and LC3-II mRNA in the spinal cord of each
group. Three spinal cord samples were tested in each
group, and * indicates p < .05 compared with the
EAE group. The difference was statistically sig-
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Fig. 8. ELISA results for cytokine concentrations in the peripheral blood of all groups. (A), (B), and (C) Bar graphs showing the concentrations of IFN-y, IL-17, and
TNF-a in the peripheral blood of the mice in each group by ELISA. Three spinal cord samples were tested in each group, and * indicates p < .05 compared with the

EAE group. The difference was statistically significant.

triggered by a variety of internal and external stimuli and involves a
series of complex processes that ultimately degrade unwanted orga-
nelles and proteins into amino acids that can be used for energy cycling
(Patergnani et al., 2018). The autophagy process mainly consists of five
stages. Initially, the formation of a bilayer membrane structure (initial/
nucleation stage) from different organelles begins in the cytoplasm.
Then, the membrane gradually diffuses (elongation phase), and with
the fusion of the edge of the membrane, the protein that needs to be
degraded is encapsulated to form autophagosomes (mature stage). The
autophagosomes fuse with lysosomes to form autophagosomes (fusion
phase), and finally, lysosomal enzymes digest the intravesicular mate-
rial (degradation period) (Liang and Le, 2015). Various biomolecules
participate in different stages of autophagy and gradually dissociate
after the autophagy process is completed (Orrenius et al., 2013). Among
these molecules, Beclin 1 is a key component of the Beclin 1/VPS34/

VPS15/Atgl4 complex that is involved in autophagosome formation
and maturation. LC3-II is a specific protein that is present on the au-
tophagosome membrane, and the autophagy level is closely related to
the number of autophagosomes. Moreover, autophagosomes recognize
the degradant through binding to the LC3-II domain via the adaptor
protein p62. Therefore, the expression of LC3-II, Beclin 1 and p62 re-
flects the level of autophagy in the body (Wu and Adamopoulos, 2017;
Zhen et al., 2015). In addition, studies have found that LC3-II expres-
sion is decreased, and autophagy flux is impaired in EAE mice, which
may be due to decreased autophagosome formation and increased au-
tophagocytic degradation (Boland and Nixon, 2006).

In recent years, pharmacological regulation of autophagy has been
recognized as a potential treatment for the prevention or treatment of
neurodegenerative diseases. Therefore, it is important to explore au-
tophagy-related signalling pathways in MS and EAE and investigate
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their potential mechanisms of action.

Curcumin is a hydrophobic polyphenol derived from herbaceous
turmeric, which is derived from the rhizome of turmeric. Curcumin
exerts its beneficial effects through anti-oxidative, anti-proliferative
and anti-inflammatory properties and is commonly used in traditional
medicine to treat inflammation and promote wound healing. In recent
years, curcumin has been gradually used as an auxiliary drug for var-
ious diseases, such as cancer, arthritis, and immune diseases (Evans
et al., 2018). Studies have shown that in the spinal cord injury (SCI)
animal model, curcumin can improve the severity of symptoms in the
SCI model by regulating the mTOR signalling pathway (Lin et al.,
2017). In addition, a small clinical study included 80 patients with
relapsing-remitting MS (RRMS) who were treated with the small mo-
lecule curcumin as an adjunct to IFN-B1a, but the results have not been
published (Ledinek et al., 2013). In research reports on MS and EAE
models, curcumin plays an important role in anti-inflammatory effects,
improving clinical conditions and protecting neurons. Based on these
reports, we attempted to use curcumin for treatment in the mouse EAE
model.

The AKT/mTOR pathway is an intracellular signalling pathway that
regulates cell activation, proliferation, metabolism, and apoptosis. AKT
plays an important role in cell survival and apoptosis and is involved in
cellular processes, including apoptosis and glucose metabolism. mTOR
is a phosphorylated protein substrate of the serine/threonine phos-
phatidylinositol 3-kinase-associated kinase (PIKK) family (Hubbard
et al., 2014) and is composed of two homologous complexes, mTORC1
and mTORC2, of which mTORC1 is resistant to rapamycin. mTOR has
high sensitivity and plays an important role in the regulation of au-
tophagy. mTOR is a downstream effector of AKT, and phosphorylated
AKT can indirectly activate the key regulator of mTORC1 during the
initiation phase of autophagy, which can inhibit autophagy after acti-
vation (Chen et al., 2015). Therefore, the mTORC inhibitor rapamycin
is often used as an inducer of autophagy in clinical settings. In the AKT/
mTOR pathway, activated PI3K produces the second messenger PIP3 on
the plasma membrane, and activated PIP3 binds to the intracellular
signalling proteins 3-phosphoinositide-dependent protein kinase 1
(PDK1) and AKT to recruit downstream PDK1 to the plasma membrane,
which causes PDK1 to phosphorylate AKT, thereby activating AKT.
When AKT is activated, it inhibits the formation of the TSC-1/TSC-2
complex, indirectly activating mTOR. Activated mTOR further phos-
phorylates two downstream molecules: the translation inhibitory mo-
lecule elF-4E binding protein 1 (4E-BP1) and the ribosomal protein
p70S6K. The phosphorylation of p70S6K activates its function and
promotes protein synthesis, and these effects are inactivated after the
phosphorylation of 4E-BP1, which initiates translation of the protein.
Rapamycin inhibits the phosphorylation of p70S6K and downstream
4E-BP1, thereby inducing autophagy (Chi et al., 2015). The above
events represent the general process of PI3K/AKT/mTOR pathway
regulation. Studies have shown that autophagy has a close relationship
with the AKT/mTOR pathway in MS. Exploring the relationship be-
tween the AKT/mTOR pathway and autophagy has important clinical
value for applications in MS prevention and treatment (Kumar et al.,
2013).

In the present study, we first found that the autophagy markers LC3-
IT and Beclin 1 gradually decreased in EAE mice with the progression of
the disease and reached a minimum at the peak of the disease; the
opposite changes were observed for p62. Moreover, this down-
regulation was restored after the application of an autophagy inducer,
which significantly reduced the degree of inflammatory infiltration and
demyelination in EAE mice, and the clinical score was also greatly
improved. Second, based on the anti-inflammatory effects of curcumin,
we localized the expression of AKT, mTOR and LC3-II in the spinal cord
and quantitated the expression of AKT-mTOR autophagy-related pro-
teins in the spinal cord. In addition, the expression of soluble IFN-y, IL-
17, TNF-a and other cytokines was detected in the peripheral blood.
The results showed that curcumin treatment can significantly improve
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the severity of symptoms and delay the onset of EAE in mice and up-
regulate the AKT/mTOR autophagy pathway, resulting in low expres-
sion of the related proteins p-AKT, p-mTOR and p62; in contrast, the
expression of LC3-II and Beclin 1 was significantly increased. In addi-
tion, the expression levels of soluble IFN-y, IL-17 and TNF-a in the
peripheral blood increased significantly in the EAE model group, while
curcumin treatment significantly reduced the expression of these three
inflammatory factors. Based on the above results, we have drawn the
following conclusions. 1. Autophagy is closely related to the patho-
genesis of EAE, and autophagy defects can lead to EAE-induced neu-
ronal damage. 2. The AKT/mTOR signalling pathway is critical for
autophagy regulation in EAE mice. 3. The therapeutic effect of cur-
cumin on EAE mice may be mediated by the AKT/mTOR signalling
pathway to upregulate the level of autophagy, while the expression
levels of inflammatory factors, such as IFN-y, IL-17 and TNF-q, in the
peripheral blood were downregulated, which achieved a balance be-
tween autophagy and inflammation. Curcumin can successfully induce
autophagy by regulating the AKT/mTOR signalling pathway with pre-
cise therapeutic effects, which provides an experimental basis for the
identification of new drugs for the treatment of MS.
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