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Abstract:Wilson disease (WD), known as hepatolenticular degeneration (HLD), is a treatable autosomal recessive disorder

of copper metabolism. Because copper deposits in the liver first, the liver is not only the original defective organ but also the

most affected organ. The liver injury is also one of the main causes of death throughout the course of the disease. Therefore,

the treatment of liver injury is the main task of WD treatment, which is of great significance to improve the prognosis of

patients. Autophagy is a process that promotes cell survival through degradation, recycling, and absorption in order to

maintain the normal physiological function of cells, while excessive autophagy can aggravate cell death. In view of the

abnormal damage of liver cells in patients with WD, which may be related to the change of autophagy level, in this

study, we established an animal model of WD through toxic milk (TX) mice, observed the change of autophagy level in

the liver, and observed the change of liver damage in mice after treatment with autophagy inhibitors. It was found that

the mTOR signaling pathway was activated and autophagy was inhibited in Wilson mouse liver. After treatment with

rapamycin, the autophagy level of mice liver was upregulated, and the copper content of mice liver was reduced, and the

damage was alleviated. TX mouse hepatocytes were isolated, after using siRNA to interfere with mTOR expression, the

copper accumulation was significantly reduced, which was the same with RAPA treatment. The results showed that in

TX mice, the damage caused by copper accumulation in the liver may be related to the decrease of autophagy level

caused by the activation of the mTOR signaling pathway. Our findings suggested that RAPA or the use of siRNA

targeting mTOR may have potential applications in the treatment of Wilson’s disease.

Abbreviations
AMPK amp activated protein kinase
CP ceruloplasmin
DMT divalent metal transporter
hCTR1 human copper transporter 1
HLD hepatolenticular degeneration
mTORC1 rapamycin target protein complex 1
PCA penicillamine
SD standard deviation
TGN trans Golgi network
TX toxic milk
WD Wilson disease

Introduction

Wilson’s disease (WD), also known as hepatolenticular
degeneration, is an autosomal recessive genetic disease. The

mutation of the ATP7B gene in the 13q14.3 region of the
chromosome caused the disorder of copper transport in
hepatocytes (Czlonkowska et al., 2018), resulting in a large
amount of copper deposition in the liver, brain, kidney, and
other tissues, which may lead to liver cirrhosis, neurological/
psychiatric symptoms, renal damage, corneal K-F ring, and
other clinical manifestations, even life-threatening if serious
(Dong et al., 2016; Dzieżyc-Jaworska et al., 2019). Copper is
involved in many physiological processes such as
mitochondrial respiratory chain, neurotransmitter synthesis,
and iron metabolism. Excessive accumulation of copper leads
to degeneration and necrosis of hepatocytes and neurons in the
cerebral cortex (Czlonkowska et al., 1973). The accumulation
of excessive copper in the liver and brain can also lead to
apoptosis through oxidative stress and inflammation (Gupta,
2014). Maintaining copper homeostasis is very important for
the normal life activities of the body, so the content of copper
in tissues and cells must be controlled (Ferenci et al., 2015).

At present, the metal complexing agent, represented by
penicillamine (PCA), is the main treatment for the disease.
PCA has the advantages of high copper excretion in urine
and significant improvement of symptoms, but it has many
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adverse reactions; about 30% of patients are forced to stop
taking medicine because of serious adverse reactions
(Aggarwal and Bhatt, 2018). Zinc sulfate or zinc gluconate
can prevent the absorption of copper ions in the
gastrointestinal tract and have less adverse reactions, so they
are also used in the treatment of the disease. However, the
effect of zinc on copper excretion is weak, and its effect on
patients with obvious symptoms is poor. At present, zinc is
mostly used in patients with early symptoms or
maintenance treatment (Gromadzka et al., 2014).

The exact mechanism of abnormal copper metabolism in
WD is not clear. Copper ions are mainly transported into
intestinal mucosal cells by carriers such as human copper
transporter 1 (hCTR1) (Gray et al., 2012) and divalent metal
transporter (DMT1) (Przybylkowski et al., 2013) on the brush-
like membrane of intestinal epithelial cells, and then
transported from intestinal mucosal cells to the portal vein
blood circulation by copper transporter ATP7A (Chun et al.,
2017). In hepatocytes, the copper transport ATP7b located in
the trans-Golgi network (TGN) combines the copper ions with
the pre ceruloplasmin to form ceruloplasmin (CP), which is
released into the blood and circulates to the whole body and is
taken and utilized by other tissues and cells. If there is too
much copper in hepatocytes, it will be excreted with bile under
the action of ATP7b located on the side of the bile duct
membrane (Sharma et al., 2018). Because of ATP7B gene
mutation in WD patients, they have CP synthesis disorder and
copper excretion disorder in bile and lead to excessive copper
deposition in the liver and other organs.

Autophagy is a process that promotes cell survival through
degradation, recycling, and absorption, so as to maintain the
normal physiological functions of cells. However, excessive
autophagy can aggravate cell death. In higher eukaryotic cells,
autophagy is related to cell differentiation, development, and
cell death, as well as various human diseases, such as cancer
and neurodegenerative diseases (Antunes et al., 2018). The
expression of autophagy-related genes changed in ATP7B
deficient cells (Weiskirchen et al., 2019). In HepG2 cells
without the ATP7B gene, inhibition of autophagy by ATG7
and ATG13 inhibitors could accelerate cell death (Polishchuk
et al., 2019). Activation of autophagy in liver cells of WD
patients could reduce apoptosis induced by copper ions
(Polishchuk et al., 2019). These suggested that promoting
autophagy could prevent copper-induced hepatocyte death
and may play a protective role in WD. Autophagy is
regulated by a variety of autophagy genes and proteins in the
process of autophagy formation. It is upregulated by AMP-
activated protein kinase (AMPK) and downregulated by
rapamycin target protein complex 1 (mTORC1) (Di Nardo
et al., 2014). PI3K-Akt-mTOR signaling pathway plays an
important role in autophagy regulation.

In view of the copper accumulation and damage of liver
cells in Wilson’s disease, in this study, we established an
animal model of WD through TX mice (Medici and Huster,
2017), observed the change of autophagy level in the liver,
the liver damage and copper accumulation in mice after
treatment with autophagic agonist RAPA. We found that in
TX mice, the damage caused by copper accumulation in the
liver may be related to the decrease of autophagy level
caused by the activation of the mTOR signaling pathway.

RAPA or the use of siRNA targeting mTOR may have
potential applications in the treatment of Wilson’s disease.

Materials and Methods

Experimental animals
Toxic milk (TX) mice were purchased from the Jackson
Laboratory in the United States. They were raised in Anhui
experimental animal center. All animal experiments were
conducted according to the Principles of Laboratory Animal
Care (National Society for Medical Research). These
experiments were approved by the Ethics Committee of
Anhui University of traditional Chinese medicine.

Animal model
The animal model was established according to the previous
reports (Polishchuk et al., 2019). Six 8-week-old female TX
mice (20 ± 2 g) (Wilson), and six 8-week-old homologous
DL mouse (control), were used. The mice were executed,
and the livers were taken out. Some of them were fixed with
4% paraformaldehyde and used for HE-staining. Some of
them were extracted RNA and protein, respectively, after
preparation of tissue homogenate to detect the expression of
autophagy-related factors and copper content.

To further verify the role of autophagy in Wilson’s
disease, a total of 18 female TX mice (8–10 week old, 20 ±
2 g) were randomly divided into 3 groups: Control group,
Rapamycin (MedChemExpress, HY-10219) low-dose group
(1.0 mg/kg) and RAPA high-dose group (2.0 mg/kg), they
were injected intraperitoneally every other day. In the
control group, saline of equal volume was injected into the
abdominal cavity every day.

All mice were fed in isolated cages with independent air
supply under the conditions of humidity (50–70%), 12 h light/
dark cycle, and room temperature (18–22°C). Food and water
were freely obtained for 8 weeks. Blood samples were collected
from the venous plexus of mouse fundus to detect the content
of copper in serum. The mice were killed by pulling the neck.
The liver was divided into three parts: one was fixed with
polyformaldehyde and used for pathological detection, the
other was to detect the expression of autophagy-related
factors, and the third was used for copper content detection.

Cell culture
The primary TX mouse hepatocytes were prepared according
to the previous reports (Shi et al., 2005). The mice were
executed and soaked in 75% alcohol for 10min. Opened the
abdomen of the mouse along the abdomen, separated the
inferior vena cava and portal vein, inserted the scalp needle
into the inferior vena cava, and clamped the needle with the
artery, perfused in EGTA buffer (5.4 mM KCl, 0.34 mM
Na2HPO4, 0.44 mM KH2PO4, 0.5 mM EGTA, 0.14 mM
NaCl, 25 mM Tricine) and the perfusion velocity was 10–15
mL/min at the beginning. After a few seconds, the liver
turned yellow and the perfusion velocity changed to 15–20
mL/min. After 20 mL perfusion, EGTA was changed to
0.035% collagenase to perfusion, the perfusion velocity was
10–15 mL/min, the liver became pink and transparent after
40–50 mL perfusion, and a layer of water appeared on the
surface of the liver. The sign of the end of perfusion was the
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local collapse of the liver, which was difficult to recover after
pressing. After the perfusion, carefully cut off the liver, cut it
into pieces in a 60-mm-plate, added a proper amount of
0.019% collagenase, placed it in a 37°C water bath shaker at
50×g for 8 min. Filtered twice with 100 mesh stainless steel
filter screen, transferred the filtrate to centrifuge tube
(15 mL), and centrifuged at 4°C, 50×g for 3 min. The
supernatant was removed, and the cells were re-suspended
in a pre-cooled DMEM medium containing 10% FBS. The
cells were centrifuged and washed twice with PBS. The cells
were re-suspended with a medium containing insulin and
dexamethasone and cultured at 37°C containing 5% CO2.
siRNA targeting mTOR (Santa Cruz Biotechnology, sc-
35410) was used to downregulate the expression of mTOR
in mouse hepatocytes using Lipofectamine 3000 (Life
Technologies, Carlsbad, CA, USA) according to the
manufactured manual. The cells were divided into the WT
control group, RAPA (10 nM) group, the siRNA control
group, and the siRNA-MTOR group. The cells in the
control group were cultured regularly, 10 nM of RAPA was
added in the medium in RAPA (10 nM) group, siRNA-
MTOR group, and siRNA control group were infected with
mTOR siRNA and its control siRNA, respectively.

Determination of copper in liver tissue and serum
The mouse liver tissue (1 g) was placed in an oven at 80°C for 8–12
h and weighed it repeatedly until the weight is constant. Inductively
coupled plasmamass spectrometer (Agilent 7500a ICP-MS, Agilent
company, USA) was used to determine the content of copper in
tissues. Serum samples were measured directly.

In primary mouse hepatocytes, 1 × 107 cells were heated in
an oven at 80°C for 8–12 h, repeatedly weighed until the mass
was constant. The content of copper in tissue was determined
by inductively coupled plasma mass spectrometer (Agilent
7500a ICP-MS, Agilent company, USA). At the same time,
the total protein was extracted from the same amount cells,
BAC protein quantitative Kit was used to detect the protein
content, and take the ratio of Cu/Protein content (ng/mg) as
the intracellular copper content.

Detection of ceruloplasmin (CER) activity in serum
The activity of ceruloplasmin was detected by the p-
phenylenediamine test kit (Nanjing Jiancheng Biology)
according to the instructions.

HE-staining to detect the histopathological changes of liver
After dewaxing the paraffin liver section, HE stain was used to
observe the degree of liver tissue damage, including
morphology, structure, and distribution of hepatocytes.

RNA extraction and qRT-PCR
Total RNA was extracted using the TRIzol kit according to the
manufacturer’s instructions. Total RNA (1 μg) was subjected to
reverse transcription using TaKaRa cDNA synthesis Kit. Real-
time PCR was performed using SYBR Green PCR Master Mix.
At the end of each reaction, a melting curve analysis was
performed to confirm the absence of primer dimmers. GAPDH
gene was used as an internal control for the normalization of
RNA quantity and quality differences in all samples.
Quantifications of target genes mRNA was performed using
the2−DDCt method. The thermocycler parameters were as
follows: 95°C for 10 min, 40 cycles of 95°C for 20 s, 60°C for 30
s, and 72°C for 30 s. Primers’ sequences were listed in Tab. 1.

Western blotting method
Total protein was extracted from tissues and cells in different
groups, and protein concentration was determined using
BCA. Proteins (50 μg per lane) were separated using 12%
SDS-PAGE. Proteins were then transferred to a PVDF
membrane. The PVDF membrane was rinsed with TBS for
10–15 min, placed in TBS/T blocking buffer containing 5%
(w/v) skimmed milk powder. It was incubated at 4°C
overnight following the addition of an appropriate dilution
of primary antibodies (p-Akt (s473), abcam, ab18206; Akt,
abcam, ab8805; mTOR, abcam, ab109268; LC3; ATG7,
abcam, ab52472; Beclin 1, abcam, ab207612; p62, abcam,
ab56416; p-p70S6K, abcam, ab131436; p70S6K, abcam,
ab32529; GAPDH, abcam, ab16891). The membrane was
then rinsed with TBST three times and then incubated at
room temperature for 1 h with horseradish peroxidase-
labeled secondary antibody. The membrane was then rinsed
three times with TBST. Protein bands were detected using
an enhanced chemiluminescence kit (Perkin-Elmer, Inc.)
and quantified as the ratio to GAPDH. Quantification was
performed using Image J software.

Statistical analysis
The SPSS 22.0 software (SPSS Inc., Chicago, IL, USA) was
used to carry out statistical analysis. All data are presented
as the mean ± standard deviation (SD). The differences
among groups were evaluated by Student’s t-test and one-
way ANOVA. p < 0.05 was considered to be significant.

Results

Copper accumulation and abnormal liver tissue structure in TX
mouse model
Compared with that of the control group, the HE-staining
results showed that the arrangement of hepatocytes in the

TABLE 1

Primers used in this study

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

ATG7 ATGATCCCTGTAACTTAGCCCA CACGGAAGCAAACAACTTCAAC

Beclin 1 GGTGTCTCTCGCAGATTCATC TCAGTCTTCGGCTGAGGTTCT

P62 GAACTCGCTATAAGTGCAGTGT AGAGAAGCTATCAGAGAGGTGG

GAPDH GCTCTCTGCTCCTCCTGTTC ACGACCAAATCCGTTGACTC
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control group was disordered. Most hepatocytes had extensive
and severe vesicular degeneration and vacuolation (Fig. 1A).
The content of copper ion in liver tissue increased
significantly (Fig. 1B), the content of copper ion in serum
decreased significantly, and the activity of ceruloplasmin
increased significantly (Figs. 1C and 1D).

Activation of mTOR signaling pathway and inhibition of
autophagy in the liver of TX mouse model
RT-PCR results showed that the expression levels of ATG7
and Beclin 1 mRNA decreased (Fig. 2A). Western blotting
results showed that compared with the control group, p-
Akt (s473) level and mTOR (s2448) level were increased,
while the expression levels of LC3-II/LC3-1 ratio, ATG7,
and Beclin 1 were decreased in TX mice (Figs. 2B–2E).
These results suggested that the accumulation of copper
in the liver of TX mice may be related to the activation of
the mTOR signaling pathway and the inhibition of
autophagy.

RAPA could reduce liver injury and copper accumulation in TX
mouse model
HE staining results showed that that the degree of liver
damage and copper ion content in liver tissues in the RAPA
low dose group and high dose group was lower than that in
the control group, and the effect in the high dose group was
more significant (Fig. 3A), the content of copper in the liver
(Fig. 3B) and the activity of ceruloplasmin in serum
(Fig. 3D) were significantly lower than that in the control
group, while the serum copper content was significantly
higher than that in the control group (Fig. 3C).

RAPA promoted autophagy of hepatocytes in TX mouse model
RT-PCR results showed that RAPA promoted the expression
levels of ATG7, Beclin 1, and p62 mRNA (Fig. 4A). Western
blotting results showed RAPA promoted the expression
levels of LC3-II/LC3-1 ratio, ATG7, and Beclin 1 and
inhibited p62 expression in liver tissues of TX mice,
especially in high dose group (Figs. 4B–4D). These results

FIGURE 1. TX mice showed the characteristics of Wilson’s disease with liver injury and abnormal copper metabolism and could be treated by
Penicillamine.
A: He staining results of liver injury; B: Copper content in liver tissue (unpaired Student’s t-test); C: Copper content in serum (unpaired
Student’s t-test); D: CER activity in serum (unpaired Student’s t-test)
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suggested that RAPA could reduce copper accumulation and
damage in Wilson mouse liver by inhibiting the mTOR
signaling pathway to promote autophagy.

Down regulation of mTOR expression in TX mouse hepatocytes
could reduce copper accumulation by promoting autophagy
In TX mouse hepatocytes, downregulation of mTOR
expression by siRNA could promote copper ion efflux as
well as RAPA treatment (Fig. 5A). Western blotting results
showed that the expression levels of LC3-II/LC3-1 ratio,
ATG7, and Beclin 1 expression increased after the
downregulation of mTOR expression, while p-p70S6K and
p62 expression decreased (Figs. 5B–5E). These results
suggested that the mTOR signaling pathway increased copper
accumulation in TX mouse hepatocytes by inhibiting
autophagy.

Discussion

In this study, we found that in the WD model of TX mice, the
damage caused by copper accumulation may be related to the
activation of the mTOR signaling pathway and the decrease
of autophagy level in liver cells. RAPA could promote
the autophagy of liver cells of TX mice, reduce the

accumulation of copper and liver injury by upregulating the
ratio of LC3-II/LC3-1, the expression of ATG7 and Beclin 1,
and inhibiting the accumulation of p62. In vitro experiments
showed that the use of siRNA to down regulate the
expression of mTOR could inhibit p-p70S6K expression and
block mTOR signaling pathway, up regulate the ratio of
LC3-II/LC3-1, the expression of ATG7 and Beclin 1, which
was the same as that of RAPA treatment.

WD is the main cause of non-viral liver disease,
accounting for 48.92% (Bandmann et al., 2015). The high
copper state can lead to the changes and dysfunction of
organelles and cell structures such as mitochondria,
lysosomes, ribosomes, plasmalemma, microtubules, etc., and
also affect the activity of many enzymes in cells and nuclear
DNA. These changes can lead to complex pathological
changes in organs and corresponding clinical symptoms
(Fieten et al., 2016). Autophagy is an evolutionarily conserved
and highly regulated steady-state process. Cytoplasmic
macromolecules and organelles will be degraded through the
removal and lysosomal system transformation. Autophagy
plays an important role in cell growth, development, and
homeostasis, and helps to maintain the balance between the
synthesis, degradation, and subsequent circulation of cell
products under normal physiological conditions (Parzych and

FIGURE 2. Copper accumulation in the liver of Wilson’s disease was related to the activation of the mTOR signaling pathway and the
inhibition of autophagy.
A: RT-PCR results of mRNA expression of autophagy and autophagic related molecules; B: Western blotting results of autophagy and
autophagic related molecules expression; C: Ratio of p-Akt/Akt in liver tissues of TX and DL mice; D: Ratio of LC3-II/LC3-1 in liver
tissues of TX and DL mice; E: Comparison of relative expression levels of mTOR, ATG7 and Beclin 1
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Klionsky, 2014). Autophagy defects have been found to be
related to neuronal loss in neurodegenerative diseases, in
which abnormal proteins and damaged organelles cannot be
removed from neurons (Guo et al., 2018). Autophagy
induced and subsequent neuronal death occur in several
pathological states of the nervous system, including ischemia,
trauma, toxicity induced neurotoxicity, and neurodegenerative
protein aggregation disease.

Abnormal autophagy was also found in other liver
diseases. In nonalcoholic fatty liver disease, high levels of
energy substrates (such as ATP), insulin, or free fatty acids
have a negative regulatory effect on autophagy (Madrigal-
Matute and Cuervo, 2016). Autophagy is important for the
stability of the intracellular environment of hepatocytes
because protein aggregates, lipid droplets, or organelles are
eliminated through this pathway (Ueno and Komatsu,
2017). Autophagy inhibition is associated with the
occurrence of spontaneous liver tumors (Poillet-Perez et al.,
2018). Recent studies showed that autophagy protected
hepatocytes from copper poisoning, and hepatocytes may be

in a state of autophagy inhibition in Wilson’s disease liver
(Ma et al., 2017; Bialik et al., 2018), which was consistent
with the observation results of this study.

The molecular mechanism of autophagy regulation is a
very complex biological process that involves many different
signaling pathways. PI3K/Akt pathway is the central regulator
of signal transduction pathway involved in cell growth, as
well as the regulator of signal transduction pathway involved
in cell growth, cell survival, and metabolism. More and more
evidence showed that the PI3K/Akt pathway played a key
role in regulating autophagic cell death (Li et al., 2019).
Zheng et al. (2014) reported that melatonin inhibited
autophagy induced by ischemia/reperfusion by enhancing the
activation of the PI3K/Akt pathway. Inhibition of the PI3K/
Akt pathway could lead to the autophagic death of
cardiomyocytes (Hou et al., 2014).

Akt, also known as protein kinase B, is the main mediator
of the PI3K/Akt signaling pathway. Akt is located downstream
of the PI3-K signal pathway and is activated by
phosphorylation. The mammalian target of rapamycin

FIGURE 3. RAPA could reduce liver injury in TX mice.
A: He staining results of liver injury; B: Copper content in liver tissue (unpaired Student’s t-test); C: Copper content in serum (unpaired
Student’s t-test); D: CER activity in serum (unpaired Student’s t-test)
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FIGURE 4. RAPA alleviated Wilson’s liver injury by promoting autophagic related molecules expression.
A: RT-PCR results of mRNA expression of autophagic apoptosis-related molecules (unpaired Student’s t-test); B: Western blotting results of
autophagic apoptosis-related molecules expression; C: The ratio of LC3-II/LC3-1 in liver tissues of mice in different groups; D: Comparison of
relative expression levels of p62, ATG7 and Beclin 1 in different groups

FIGURE 5. Downregulation of mTOR expression could inhibit the copper accumulation in liver cells of TX mice.
A: Detection of Copper ion content; B: Western blotting results of autophagic related molecules expression; C: The ratio of LC3-II/LC3-1 in
liver tissues of mice in different groups; D: The ratio of p-p70S6K/p70S6K in liver tissues of mice in different groups; E: Relative expression
levels of ATG7, p62 and Beclin 1 in different groups

MTOR SIGNALING PATHWAY AND WILSON’S DISEASE 115



kinase (mTOR) is the main regulatory factor of autophagy and
the downstream target of the PI3K/Akt pathway. Akt can
activate another mTOR in cells. The inhibition of autophagy
depends on the activation of the mTOR signal. Zhang et al.
showed that lead-exposure induced autophagy and
autophagic cell death in rat hippocampus by inhibiting Akt/
mTOR signaling pathway (Meng et al., 2016). It was
reported that silica nanoparticles induced autophagy of
endothelial cells through the PI3K/Akt/mTOR signaling
pathway (Duan et al., 2014). These studies showed that the
PI3K/Akt/mTOR pathway inactivation promoted the
upregulation of autophagy.

Conclusions

In conclusion, our results suggested that the mTOR signaling
pathway was inhibited, leading to over autophagy, which was
related to liver injury caused by copper accumulation in
Wilson’s disease. Our findings may provide a new idea for
the treatment of Wilson’s disease with anti-autophagy.
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