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Highlights

e Graphene oxide (GO) protected neurons in pathological conditions.

e Microglia and neurons were co-cultured to simulate pathological environment.
e GO promoted the clearance of AP in pathological conditions.

e GO induced autophagy of microglia and neurons through the AMPK / mTOR

pathway.

Abstract

Alzheimer’s disease (AD) is a common neurodegenerative disease, and its
pathogenesis is closely related to f-amyloid (APB) peptide. The deposition of AP in the
brain due to impaired AP clearance is considered as an important cause of AD. The
decrease in AP clearance is closely related to the autophagy dysfunction in brains of
AD patients. It is feasible to treat AD by increasing the autophagy level of cells such as
microglia and neurons to accelerate A} clearance. In this article we explored the ability
of graphene oxide (GO) to clear AP through activating autophagy. Our work
demonstrated that GO could inhibit the mTOR signaling pathway by activating AMPK
to induce the autophagy of microglial and neurons. As expected, with the improvement
of autophagy ability of microglia, GO promoted microglia-mediated AP phagocytosis.
Under the conditions of co-culture of microglia and neurons, GO induced the autophagy
of microglia and neurons, especially the autophagy of microglia, thereby promoting the

clearance of AP, and ultimately achieved the effect of protecting neurons. Moreover,



GO was not only non-cytotoxic to microglia and neurons but also able to reduce the
toxicity of AP to neurons through its clearance. These results have shown the potential
of GO in treating Alzheimer's disease.
Keywords: Graphene oxide, Alzheimer's disease, f-amyloid clearance, autophagy, co-
culture, mTOR
Abbreviations: AD, Alzheimer's disease; AP, f-amyloid; GO, graphene oxide; mTOR,
mammalian targets of rapamycin; AMPK, AMP-activated protein kinase; TLRs, Tall-
like receptors; BBB, blood-brain barrier; BCSFB, blood-cerebral spinal fluid barrier;
Beclin-1, autophagy inducer Beclin-1; LC3, microtuble-associated protein 1 light chain
3; P62, autophagy adaptor p62; NF-«B, nuclear factor-kappa B; 3-MA, 3-
methyladenine; Rapa, rapamycin; FBS, fetal bovine serum; AO, acridine orange; RA,
retinoic acid; TEM, Transmission electron microscopy; PBS, phosphate-buffered saline;
CLSM, Confocal laser scanning microscope; NGS. normal goat serum.
1. Introduction

Alzheimer's disease (AD) occurs mostly in the elderly, with a slow and irreversible
course. The main pathological hallmarks of AD include the excessive deposition of -
amyloid (AB) peptide in brain parenchymal and the hyperphosphorylated tau protein to
form neurofibrillary tangles intraneuronal, resulting in neuronal death [1, 2]. The
amyloid cascade hypothesis suggests that AP protein accumulation in the brain is the
underlying cause of AD [3]. A protein causes neuronal apoptosis in many ways [4-6].
Therefore, reducing the accumulation of AP has been the focus of many studies aimed

at the prevention and treatment of AD [7]. Many studies have shown that the decreased



AP clearance is the main cause of AP deposition [8]. The deposition of AP is mainly
caused by decreased clearance of A rather than increased production of AB [9]. Some
candidate drugs, such as solanezumab monoclonal antibodies that are selectively targets
AP protein, have been designed to clear A by combining soluble A proteins in blood
and brain [10, 11]. Therefore, to remove the clearance obstacle is one of the key
treatment strategies in reducing brain parenchymal levels of AP and improving
cognitive impairment in most AD cases.

There are many ways to clear AP, including the efflux of the blood-brain barrier
(BBB) and the blood-cerebral spinal fluid barrier (BCSFB), enzymatic degradation
clearance and cell autophagy degradation clearance [12-14], particularly, the autophagy
degradation of microglia and neurons in the brain [15, 16]. Studies have shown that the
dysfunction of the autophagy-lysosomal system severely impedes the ability of cells to
clear AP and then increases the harmful AP in the brain of AD patients [14, 17, 18].
Accelerating the AP clearance by increasing autophagy is a promising approach. The
process of autophagy is regulated by many signaling molecules, such as mammalian
targets of rapamycin (mTOR), AMP-activated protein kinase (AMPK), Tall-like
receptors (TLRs), and so on [19, 20]. In addition, many autophagy-related proteins are
involved in the process of autophagy. For example, the autophagy inducer Beclin-1
(Beclin-1), microtuble-associated protein 1 light chain 3 (LC3) and autophagy adaptor
p62 (P62) [21-23]. The changes of these autophagy-related proteins reflect the changes
of autophagy levels in brain cells of AD patients. In the brains of AD patients, defects

in the autophagy of microglia and neurons severely hinder AP clearance [14]. If the



autophagy ability of microglia and neurons can be increased at the same time, the
elimination of AP will be accelerated.

Carbon-based nanomaterials displayed a variety of functions, directly regulate the
physiological behavior of cells because of unique structure and biological properties
[24-26]. Graphene oxide (GO), as a derivative of graphene, has abundant hydrophilic
groups (carboxyl, hydroxyl and epoxy groups) and a high stability in aqueous
dispersions compared to the original graphene [27]. GO has been studied in the
induction of pluripotent stem cell culture [28], cell growth [29] and drug delivery [30].
Recent studies have found that GO induces autophagy in a variety of cells including
RAW264.7 macrophages, CT26 colon cancer cells, and so on [31, 32]. Graphene-
derived nanomaterial-induced autophagy involves some signaling pathways. For
example, the nuclear factor-kappa B (NF-kB) and mTOR pathways are involved in
graphene quantum dots (GQD) -induced autophagy [33, 34]. The activation or
inhibition of the mTOR pathway has been studied in other diseases and nanomaterials
[20, 35, 36], and it may also play an important role in GO-induced autophagy.

Therefore, we aim to explore the ability of GO to clear AB by inducing autophagy
in microglia and neurons and assess the potential of GO for treating AD and other
neurodegenerative diseases. We tested whether GO can increase the autophagy levels
of microglia and neurons, and explored the mechanism of autophagy induction. The
microglia and neurons were co-cultured to simulate the more realistic AD pathological
environment, and to evaluate the ability of GO to increase the clearance of AP by

inducing autophagy and protect neurons.



2. Materials and methods
2.1 Materials

GO was purchased from Jiangsu XFNANO Materials Tech. Co., Ltd. DMEM cell
culture medium and trypsin were purchased from GIBCO Invitrogen. 3-methyladenine
(3-MA), rapamycin (Rapa), fetal bovine serum (FBS), and acridine orange (AO) were
purchased from Sigma. Compound C is from Selleck, USA. Anti-AMPK antibody, anti-
phospho AMPK antibody, anti-mTOR antibody, anti-phospho mTOR antibody and
anti-LC3 antibody were purchased from Cell Signaling Technology, USA. Anti-
SQSTM1/p62 antibody was purchased from Abcam, UK. Anti-Beclin-1 antibodies
were purchased from Wanleibio.
2.2 Preparation of small sheet diameter GO

The original sheet diameter of GO was 500nm-5um, and the thickness was 0.8-
1.2nm. Img of GO powder was accurately weighed with an electronic balance and
placed on a sterile bench for 30 min under ultraviolet irradiation, and then carefully
added to 1 ml of sterile deionized water to prepare GO mother liquor. The prepared
mother liquor was put into an ultrasonic instrument with a power of 500W and sonicate
for 48 h under the condition that the water temperature was lower than 37 °C. After
sonication, the large-sized GO was broken into a small-sized GO having a diameter less
than 50 nm, and then stored at 4 °C in the dark for subsequent testing.
2.3 Cell culture

Mouse BV2 microglial cells and human SH-SYS5Y neuroblastoma cells were

cultured in DMEM high glucose medium supplemented with 10% FBS and 1%



penicillin/streptomycin at 37 °C in the 95% humidified atmosphere with 5% CO2. The
SH-SYSY cells were cultured in medium containing retinoic acid (RA, 10 uM) for 1
week to induce cell differentiation [37]. The medium was changed every 2 days and the
cells was passaged in time according to the growth density of the cells.

2.4 Co-culture

BV2 cells and SH-SYS5Y cells were cultured in petri dishes containing sterile cover
slips in preparation for co-culture. When the cells adhered and grown well, one cover
slip of BV2 cells and one cover slip of SH-SY5Y cells were placed in one 60-mm dish
and co-cultured in culture medium [38]. One day later, co-cultured cells were subjected
to further experiments described in the following.

2.5 Transmission electron microscopy (TEM)

The morphology and size of GO were observed by TEM. GO was dissolved in
sterile water to prepare GO solutions of different concentrations (0.3 pg/ml, 0.06 png/ml,
0.006 pg/ml) according to the requirements of TEM photography. The GO solutions
were obtained after ultrasound treatment for 48 h below 37 °C. 10 ul GO solutions were
dropped onto a copper mesh for 5 min, and then most of the liquid was removed with a
filter paper. After the copper mesh was dried, the shape and size of GO were
photographed.

2.6 Cell viability assay (MTT)

The effects of GO on the cell viability of microglia and neurons were assessed by

the MTT assay. BV2 cells and SH-SYSY cells were seeded in 96-well plates with 1 x

10* cells in 100 pl medium per well and then cultured 12 h for the stabilization. Then,



100 pl of the medium containing different concentrations of GO (12.5 pg/ml, 25 pg/ml,
50 pg/ml, 100 pg/ml, 200 pg/ml) was added to each well. After 24 h of treatment with
GO, 20 pl of MTT (5 mg/ml) was added to each well and treated for 4 h at 37 °C. The
medium was then replaced with 150 ul DMSO and the absorbance was measured at a
wavelength of 492 nm [36]. Each group was provided with six parallel wells, and the
experiments were performed six times.
2.7 Western blot assay

The cells were cultured in 6-well plates and treated with four different conditions
including phosphate-buffered saline (PBS), 50 pg/ml GO, 100 pg/ml GO and
rapamycin Rapa for 24 h. After that, the cells were washed with PBS and the RIPA
lysate (1% PMSF) was added lysing on ice for 15 min. Then the lysates were harvested
and centrifuged at 11000 g for 15 min at 4 °C. The protein concentrations in supernatant
were measured using the BCA protein assay kit. The supernatant was separated, mixed
with 4 X loading buffer, and placed in metal bath at 100 °C for 15 min. Equal amounts
of total proteins extracts (30 pug) were run on a 10-13% SDS-PAGE gel and transferred
to a PVDF membrane at 100 V for 100 min. Then the PVDF membrane was blocked
with 5% fat-free milk powder for 1 h at room temperature. After that, the PVDF
membranes were incubated with primary antibodies overnight at 4 °C, and then washed
with TBST for 4 x 10 min. Then the PVDF membranes were incubated with the
secondary antibody for 1 h and washed 4 x 10 min with TBST. Finally, the PVDF
membrane was placed in an exposure apparatus for imaging [39].

2.8 Acridine orange stain



Acridine orange (AO) is a fluorescent dye, which can stain acidic autophagosomes
or acid lysosomes in cells to orange or red and other parts (such as cytoplasm and nucleus)
to green. The cells were cultured on coverslips and treated with different conditions (PBS,
50 pg/ml GO, 100 pg/ml GO, Rapa) for 24 h. Then the cells were washed with PBS and
stained with 1 puM acridine orange for 15 min at 37 °C. After that, the excess acridine
orange was washed out by PBS. The cells were immediately analyzed under a
fluorescence microscope [40]. All experiments were repeated at least for three times.

2.9 Confocal laser scanning microscope (CLSM) observation

The difference in AP phagocytosis ability of cells incubated with or without GO
was investigated by confocal laser scanning microscopy. The cells were seeded in
complete DMEM medium, at a humidified atmosphere of 5% CO., and cultured at
37 °C overnight. Then, the culture medium was replaced with a serum-free fresh
medium containing PBS, 50 pg/ml GO, 100 pg/ml GO, and Rapa respectively and
FITC-labeled AB (2.5 uM). Afterwards, the cells were cultured with the fresh serum-
free medium for 3 h, and washed 3 times with PBS. Finally, the cells were imaged using
a confocal laser scanning microscope [41].
2.10 Flow cytometry

The cells were seeded into the 12-well plate and cultured in a humidified
atmosphere with 5% CO» at 37 °C overnight. After reaching a confluency, the cells were
washed with PBS, and cultured in serum-free medium containing PBS, 50 pg/ml GO,
100 pg/ml and Rapa respectively. At the same time, the AB-FITC (2.5 uM) was added

to each well and were co-incubated with the cells for 3 h. After washing with PBS 3



times, the 4% paraformaldehyde (400 pl) was added to each well, and the adherent cells
were processed into suspension cells quickly with the pipette. The cell suspension was
then transferred to 1.5 ml centrifuge tube. Finally, the average fluorescence intensity of
the cells was measured in a flow cytometer [42].
2.11 Immunofluorescence

The cells were seeded on sterile coverslips in 6-well plates, and cultured in the
media containing PBS, 50 pg/ml GO, 100 pg/ml GO and Rapa respectively for 12 h.
Then the cells were washed 3 times with PBS, and exposed to 4% paraformaldehyde
for 10 min. After that, the cells were washed in PBS for 3 x 10 min, and the 0.5%
Triton X-100 for 10 min. The cells were washed with PBS (3 % 10 min) and blocked
with 10% normal goat serum (NGS) for 1 h at room temperature. Then the cells were
incubated with the primary antibody at 4 °C. After 12 hours, the cells were washed
with PBS, and incubated with the fluorescent secondary antibody for one hour in dark
conditions. After washing with PBS, the cells were stained with DAPI for 5 min and
imaged under a fluorescence microscope [39].
2.12 Statistical analyses

All data analysis used SPASS 22 software, and the experimental data were
presented using mean #standard error (S.E.M). The data between multiple samples
were analyzed by one-way ANOVA (one-way ANOVA), and LSD analysis was used to
make multiple comparisons after the fact. The significance level was set to P <0.05,
which signified a significant difference. P <0.01 represented a very significant

difference in comparison.



3. Results
3.1 Graphene oxide had no cytotoxicity to microglia and neurons

The small-sized GO was obtained by sonicating the large-sized GO for 48h. The
ultrasonic-treated GO observed by TEM was shown in Fig. 1a, and GO exhibited a
single-layer nanosheets shape. The average length of nanoflake was estimated by
measuring more than 200 nanosheets in the TEM image. The results showed that the
GO nanoflake size ranged from 10nm to 80nm. As shown in Fig. 1b, the size
distribution of the GO nanoflake indicated that 90% was less than 40nm and 99% was
less than 60nm.

The effects of GO on the viability of microglia and neurons were determined by
the MTT assay. The BV2 cells and SH-SYSY cells were treated with GO at different
concentrations (0, 12.5, 25, 50, 100, 200 pg/ml) for 24 hours. As shown in Fig. lc-d,
the cell viability of BV2 cells and SH-SYSY cells did not change significantly with the

increasing of GO concentration.
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Figure 1. The Morphological dimensions and cytotoxicity of GO. (a) The
morphology and size of GO measured by TEM (scale bar: 50nm). (b) The size
distribution of GO flakes (n>200) measured from Image J. The average GO length was
found to be 10 to 40 nm. (c¢) The viability of BV2 cells after 24 h co-incubation with
GO nanoflakes measured from MTT assay. BV2 cells were treated with 0 (CON), 12.5,
25, 50,100, and 200 pg/ml of GO. The data represent mean + standard deviation (S.E.M)
of six independent culture experiments. (d) The viability of SH-SYS5Y cells after 24 h
co-incubation with GO nanoflakes measured from MTT assay. SH-SYS5Y cells were
treated with 0 (CON), 12.5, 25, 50,100, and 200 pg/ml of GO. The data represent mean

+ standard deviation (S.E.M) of six independent culture experiments.



3.2 Graphene oxide activated the autophagy in microglia and neurons

The changes of autophagy-related proteins in the BV2 cells and SH-SYS5Y cells
were determined whether GO can induce autophagy in microglia and neurons. Firstly,
a GO-induced autophagy in the BV2 cells was found in a dose-dependent manner when
the cells were treated with different concentrations of GO. As shown in Fig. 2a-c, the
expression of beclin-1 was significantly increased especially at the GO concentration
of 100 pg/ml. While the content of P62 was remarkably decreased at the 100 pg/ml GO.
Therefore, the concentration of 100 pg/ml GO was selected for the following
experiments and set three groups including control, 50 pg/ml GO, and autophagy
activator rapamycin to contrast with the group of 100 ug/ml GO. Secondly, we tested
the changes of three autophagy-related proteins (LC3, Beclin-1 and SQSTM1/p62)
after treating the BV2 cells and SH-SYSY cells by the four conditions (control, 50
pug/ml GO, 100 pg/ml GO and Rapa) for 24 h. The results for the BV2 cells were shown
in Fig. 2d-g. Compared with the control group and 50 ug/ml GO group, the expression
of Beclin-1 was significantly increased at the 100 pg/ml GO group and even higher
than the Rapa group. At the same time, the expression of P62 was significantly
decreased at the 100 pg/ml GO group, and the expression of LC3-II/LC3-1 was
significantly increased at the 100 pg/ml GO group. As shown in Fig.3a-d, similar results
were obtained in the SH-SYSY cells. After treatment with 100 pg/ml GO, Beclin-1
content was increased even more than the Rapa group, while the reduction of P62 was

also observed. Moreover, the ratio of LC3-II/LC3-1 was also significantly increased.
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Figure 2. GO-induced autophagy flux in BV2 cells. (a) The representative
immunoreactive bands of Beclinl (60 kD), p62 (62 kD), and B-actin (42kD). BV2 cells
were treated for 24 h with 0 pg/ml GO, 25 pg/ml GO, 50 pg/ml GO, 100 pg/ml GO and
200 pg/ml GO. (b) Quantitative analysis of Beclin-1/B-actin in five groups. n = 3/group,
* P <0.05 vs. 0 pg/ml GO group. (¢) Quantitative analysis of P62/B-actin in five groups.
n = 3/group, * P <0.05 vs. 0 ug/ml GO group. (d) The representative immunoreactive
bands of Beclinl (60 kD), p62 (62 kD), LC3-I (16 kD), LC3-II (14 kD), and B-actin (42
kD). BV2 cells were treated for 24 h with PBS (CON), 50 pug/ml GO (GO50), 100
ug/ml GO (GO100) and rapamycin (Rap). (e) Quantitative analysis of Beclin-1/B-actin

in four groups. n = 3/group, * P <0.05, ** P <0.01 vs. CON group. (f) Quantitative



analysis of P62/B-actin in four groups n = 3/group, * P <0.05, ** P <0.01 vs. CON
group. (g) Quantitative analysis of LC3-1I/LC3-I in four groups. n = 3/group, ** P <0.01

vs. CON group.

The degradation of AP occurred through the autophagy-lysosomal system in cells,
so acridine orange staining was performed to detect the accumulation of acid lysosomes
in the cells. As shown in Fig. 3e, the results were similar in the BV2 cells and SH-SY5Y
cells. The cells showed green fluorescence with minimum orange or red fluorescence
in the control group, which suggested a lack of acidic autophagic vesicles. The orange
or red fluorescence was significantly increased in the 50 pg/ml GO group compared
that in the control group. As expected, the 100 pg/ml GO group and the Rapa group
showed more pronounced orange or red fluorescence than those of the 50 pg/ml GO
group. The results from the AO assay were consistent with the results of Western

blotting assay.

3.3 Graphene oxide promoted microglia-mediated phagocytosis of Ap

Since an increase in the autophagy capacity of microglial cells could induce the
microglia to phagocytose [43], the ability of microglia to phagocytize AP} was tested.
After being incubated with 2.5 uM FTTC-labeled AP for 3 hours, the BV2 cells in four
groups (control, 50 pg/ml GO, 100 pg/ml GO and Rapa) were examined using a
confocal microscope. As shown in Fig. 3f, the green fluorescence was significantly

increased in the BV2 cells in the 50 pg/ml GO group compared with the control group,



and further increases were observed in the 100 pg/ml GO group and the Rapa group.
The intracellular AP fluorescence intensity was further quantified by flow cytometry.
As shown in Fig. 3g, the average fluorescence intensity was significantly increased in
the GO-treated cells, and the fluorescence intensity increased significantly in the 100
ng/ml GO group and almost comparable to the fluorescence intensity of the Rapa group.

The statistic results from flow cytometry were consistent with the examination under

confocal microscopy.
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Figure 3. GO increased autophagy flux in SH-SYS5Y cells and BV2 cells and



promoted microglia-mediated phagocytosis of AP. (a) The representative
immunoreactive bands of Beclinl (60 kD), p62 (62 kD), LC3-I (16 kD), LC3-II (14
kD), and B-actin (42 kD). SH-SYS5Y cells were treated for 24 h with PBS (CON), 50
pg/ml GO (GO50), 100 pg/ml GO (GO100) and rapamycin (Rap). (b) Quantitative
analysis of Beclin-1/B-actin in four groups. n = 3/group, * P <0.05, *** P <0.001 vs.
CON group. (¢) Quantitative analysis of P62/B-actin in four groups n = 3/group, ** P
<0.01, ** *P <0.001 vs. CON group. (d) Quantitative analysis of LC3-II/LC3-I in four
groups. n = 3/group, * P <0.05, ** P <0.01 vs. CON group. (e) Fluorescence microscopy
of acridine orange-stained BV2 cells (row 1) and SH-SYS5Y cells (row 2) treated for 24
h by GO in four groups. (scale bar: 20um). (f) CLSM measurements of BV2 cells
treated with AB-FITC, a mixture of AB-FITC/GO50, AB-FITC/GO100 and Ap-
FITC/Rap. (scale bar: 20um). (g) Flow cytometry analysis of the average fluorescence
intensity of AP in BV2 cells in the four groups. n = 3/group, ** P <0.01 *** P <0.001

vs. CON group.

3.4 Graphene oxide protected neurons through promoting the clearance of Ap in
pathological conditions under co-culture conditions

The BV2 cells and SH-SYSY cells were co-cultured in order to investigate whether
GO has the ability of clearing AP and protecting neurons through the improved
autophagy under the pathological conditions. A was added to the medium to simulate
a more realistic pathological environment. Under this culture condition, the growth

status of the SH-SYSY cells was monitored in real time with or without adding of GO.



As shown in Fig. 4a, the density of neurons in the GO-added group was greater than
that of the control group at 24 h, 36 h and 48 h.

To understand the role of microglial and neurons in clearing AP induced by GO,
the content of autophagy-related protein LC3 under co-culture of two types of cells with
GO were measured. The immunofluorescence results were shown in Fig.4b, both the
BV2 cells and SH-SYSY cells had a significant increase in LC3 content after GO
treatment, which was similar to the results obtained from mono-cultures respectively.
As shown in Fig.4c and Fig.4d, the contents of autophagy-related proteins were greater
in the BV2 cells than those in the SH-SYS5Y cells. More AB-carrying fluorescence was
detected in both BV2 cells and SH-SYS5Y cells with addition of GO, and the green
fluorescence was slightly more in the BV2 cells than that of the SH-SYSY cells, as

shown in Fig. 4e and Fig.4f.
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Figure 4. The neuroprotective effect of GO and the effect of GO on the autophagy

of BV2 cells and SH-SYSY cells under co-culture. (a) The proliferation of SH-SY5Y



cells in the CON group and GO100 (100 pg/ml GO) group at 12h, 24h, 36h, and 48h.
(scale bar: 20um). (b) The results of immunofluorescence of LC3 protein in two groups
of BV2 cells and SH-SY5Y cells under co-culture. (scale bar: 20um). (¢) The
representative immunoreactive bands of LC3-I (16 kD), LC3-II (14 kD), and B-actin
(42kD). BV2 cells and SH-SYS5Y cells under co-culture were treated for 24 h with PBS
(CON) and 100 pg/ml GO (GO100). (d) Quantitative analysis of LC3-II/LC3-I in BV2
cells and SH-SYSY cells in two groups under co-culture. n = 3/group, * P <0.05 ** P
<0.01 vs. CON group. (e) Flow cytometry analysis of the average fluorescence intensity
of AB in BV2 cells and SH-SYS5Y cells of four groups under co-culture. n = 3/group,
** P <0.01 *** P<0.001 vs. CON group. (f) Fluorescence microscopy of BV2 cells and
SH-SYSY cells treated with AB-FITC and a mixture of AB-FITC/GO100. (scale bar:

50um).

3.5 Graphene oxide induced autophagy through activating AMPK to inhibit
mTOR signaling pathway

In order to study how GO induced the autophagy in microglia and neurons,
Western blot assay was used to examine upstream proteins. The expressions of AMPK
and mTOR proteins were changed after treatment with GO. As shown in Fig. 5a-c, the
phosphorylation of AMPK significantly increased and the phosphorylation of mTOR
reduced in both microglial and neurons after the GO treatment. At the same time, the
phosphorylation of AMPK and mTOR in the group treated with 100 pg/ml GO was

more significant changed. Therefore, compound C, a specific inhibitor of AMPK, was



used to treat cells. Compound C was used in the 100 pg/ml GO group. The expressions
of autophagy-related proteins were shown in Fig. 5d-i. Our results showed that the use
of compound C indeed inhibited the phosphorylation of AMPK, thereby reducing the
upregulation of LC3-II/LC3-I and Beclin-1 expression caused by GO (100 pg/ml). At
the same time, the treatment with compound C also prevented the degradation of

SQSTM1/p62 caused by GO (100 pg/ml).
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Figure 5 GO promoted the autophagy by activating AMPK to inhibit mTOR. (a)
The representative immunoreactive bands of AMPK (63 kD), p-AMPK (63 kD), mTOR
(260 kD), p-mTOR (260 kD), and B-actin (42 kD). BV2 cells and SH-SYS5Y cells were
treated for 24 h with PBS (CON), 50 pg/ml GO (GOS50) and 100 pg/ml GO (GO100).
(b) Quantitative analysis of p-AMPK/AMPK in three groups. n = 3/group, * P <0.05,
*# P <0.01 vs. CON group. (¢) Quantitative analysis of p-mTOR/mTOR in three groups.
n = 3/group, * P <0.05, *** P <0.001 vs. CON group. (d) The representative
immunoreactive bands of AMPK (63 kD), p-AMPK (63 kD), mTOR (260 kD), p-
mTOR (260 kD), Beclin-1 (60 kD), p62 (62 kD), LC3-I (16 kD), and LC3-II (14 kD)
and B-actin (42kD). BV2 cells and SH-SYS5Y cells were treated for 24 h with PBS
(CON), 100 pg/ml GO (GO50) and 100 pg/ml GO (GO100) + compound C (10 uM).
(e) Quantitative analysis of p-~AMPK/AMPK in three groups, * P <0.05 vs. CON group,
#P <0.05, vs. GO100 (100 pg/ml) group. (f) Quantitative analysis of p-mTOR/mTOR
in three groups. n = 3/group, * * P <0.01, *** P <0.001 vs. CON group, #P <0.05, ## P
<0.01 vs GO100 (100 pg/ml) group. (g) Quantitative analysis of three groups of Beclin-
1/B-actin. n = 3/group, ** P <0.01, *** P <0.001 vs. CON group, #P <0.05 vs. GO100
(100 pg/ml) group. (h) Quantitative analysis of P62/B-actin in three groups. n = 3/group,
* P <0.05, ** P <0.01 vs. CON group, #P <0.05 vs. GO100 (100 pg/ml) group. (i)
Quantitative analysis of LC3-II/LC3-I in three groups. n = 3/group, * P <0.05, vs. CON

group, #P <0.05 vs. GO100 (100 pg/ml) group.

4. Discussion



The main purpose of this study was to investigate whether GO promoted the
clearance of AP by activating autophagy to treat Alzheimer's disease. Our results
indicated that GO activated autophagy of both microglia and neurons through the
AMPK/mTOR pathway to promote A clearance and protect neurons.

A strategy of activating autophagy of microglia or neurons is effective in treating
AD [41, 43-45], and studies showed that the activating autophagy flux promoted the
clearance of AP [46, 47]. Recent research showed that GO played an important role in
cell proliferation, anti-tumor effects, and anti-oxidation [29, 48]. Jeong et al. found that
GO treatment prevented PrP (106-126) -mediated neurotoxicity [29]. This underlines
the tremendous capabilities of GO in the biomedical field. In particular, GO induced
autophagy flux in certain cells and tissues [49-51]. Jin et al. showed that GO enhanced
the clearance of Htt protein in GFP-Htt (Q74)/PC12 cells [52], thus suggesting that GO
was of great potential for treating neurodegenerative diseases.

In this study, we investigated the effect of GO on the autophagy flux in microglia
and neurons. The results showed that GO effectively increased the content of
autophagy-related protein Beclin-1 and reduced the content of P62 in the BV2 cells and
SH-SYS5Y cells, and increased the ratio of LC3-II to LC3-I. Changes in these
autophagy-related proteins demonstrated that the autophagy was up-regulated [36]. The
acidic autophagosomes and acid lysosomes also increased significantly in the GO
treatment groups. With the increase of the autophagy ability of both BV2 cells and SH-
SYSY cells, the ability of AP clearance was significantly increased. It was worth

mentioning that the effect of GO on the BV2 was more obvious (Fig.4d, €). A possible



reason may be that GO significantly improved the phagocytic ability of the BV2 cells
(Fig.3f, g). After AP was produced, it was recycled to the cell surface and aggregated
outside the cell while the autophagic degradation occurred intracellularly [41].
Therefore, improving the phagocytic ability of the BV2 cells was the prerequisite for
improving AP degradation by autophagy-lysosomal pathway. Another reason may be
that GO had a greater effect on the autophagy flux of the BV2 cells (Fig.4c, d), and was
able to improve the AP clearance efficiency in the process of AP degradation by
autophagy-lysosomal pathway.

As the data demonstrated that GO up-regulated the autophagy in the BV2 cells and
SH-SYSY cells, we focused on the reasons why GO induced the autophagy. Our results
showed that AMPK and mTOR were involved in this process (Fig.5a-c). Previous
studies suggested that autophagy is promoted by AMPK and inhibited by the mTOR
[53, 54]. To understand the mechanism of the autophagy induced by GO, compound C,
an inhibitor of AMPK, affected the upstream and downstream relationship between
these two proteins. Our results (Fig.5f) indicated that the inhibition of AMPK by
compound C induced mTOR activation and then reduced autophagy levels
corresponding to the current research findings [20, 54]. As GO showed an inhibitory
effect on mTOR proteins, the autophagy activator, rapamycin, was used in the
experiment to activate autophagy. Our results (Fig.2, 3) demonstrated that the GO-
activated autophagy was comparable to rapamycin-activated autophagy. This suggests
that GO has the potential to become an autophagy activator.

A co-culturing model of BV2 cells and SH-SYSY cells was adopted in our study



to simulate the more realistic pathological environment of AD [38]. We demonstrated
that GO was able to increase the autophagy capacity of both cells under co-culture
conditions and promoted the clearance of AP, similar to the results of mono-cultures of
the two types of cells respectively, which suggested that GO could be a good neurons
protector (Fig.4a). Importantly, the MTT results found that GO itself was not toxic to
microglia and neurons (Fig.1c, d). Moreover, the size of GO nanosheets met the size
requirement to cross the BBB, thus increased their potential to be a drug delivery carrier.

To the best of our knowledge, this is the first study of GO in the treatment of
Alzheimer's disease. We explored the toxicity of GO to cells, the ability of GO to induce
autophagy, the effect of GO in promoting AP clearance and the neuroprotective effect
of GO. Our results demonstrated that GO had an ability to activate autophagy and clear
AP, and showed a good neuroprotective effect, which indicates that GO had a great
potential for the treatment of AD. The new biological functions of GO in AP clearance
revealed from our study may be of great significance for the development of
nanomaterial-based treatments for neurodegenerative diseases.
5. Conclusions

In summary, we have demonstrated the novel biological activity of GO in
accelerating AP protein clearance, which is achieved through enhancing autophagy
levels. We have found that GO can inhibit mMTOR-induced autophagy flux by activating
AMPK, and has a good neuroprotective effect. Our observations provide a new
theoretical basis for the treatment of Alzheimer's disease and other neurodegenerative

diseases.
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