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Purpose: Alzheimer’s disease (AD) is a neurodegenerative disorder that manifests as 
abnormal behavior and a progressive decline in memory. Although the pathogenesis of AD 
is due to the excessive deposition of amyloid β protein (Aβ) outside the neurons in the brain, 
evidence suggests that tau proteins may be a better target for AD therapy. In neurodegen-
erative diseases, a decrease in autophagy results in the failure to eliminate abnormally 
deposited or misfolded proteins. Therefore, induction of autophagy may be an effective 
way to eliminate tau proteins in the treatment of AD. We investigated the effects of 
polyethylene glycol (PEG)-ceramide nanomicelles on autophagy and on tau proteins in 
N2a, a murine neuroblastoma metrocyte cell line.
Methods: Ceramide is a sphingolipid bioactive molecule that induces autophagy. PEG- 
ceramide is a polymer that is composed of the hydrophobic chain of ceramide and the 
hydrophilic chain of PEG-2000. In this study, we prepared PEG-ceramide nanomicelles that 
were 10–20 nm in size and had nearly neutral zeta potential.
Results: The results show that PEG-ceramide nanomicelles caused an increase in the LC3-II 
/LC3-I ratio, while p62 protein levels decreased. Confocal microscopy revealed a significant 
increase in the number of dots corresponding to autophagosomes and autolysosomes, which 
indicated autophagic activation. Moreover, PEG-ceramide nanomicelles induced tau degra-
dation in N2a cells through autophagy.
Conclusion: In summary, we have confirmed that PEG-ceramide nanomicelles enhanced 
autophagic flux and degraded overexpressed human tau proteins in N2a cells by regulating 
the autophagy pathway. Thus, PEG-ceramide nanomicelles show great promise as agents to 
induce autophagy and degrade tau proteins in the treatment of AD.
Keywords: Alzheimer’s disease, autophagosomes, lysosome, nano-carrier, autophagic flux

Introduction
With the aging of all populations worldwide, dementia has become the third leading 
cause of death in the world, after cardiovascular, cerebrovascular diseases, and cancer; 
Alzheimer’s disease (AD) accounts for 60–80% of all cases of dementia. The main 
clinical symptoms of AD patients are gradual memory loss and cognitive dysfunction. 
The pathogenesis of AD has been attributed to excessive deposition of amyloid β 
protein (Aβ) outside the neurons or to neurofibrillary tangles (NFTs) within the 
neurons, both of which can lead to necrosis and apoptosis of nerve cells.1–3 Although 
various molecules have demonstrated in vitro Aβ degradation, they have not caused 
any significant improvement in clinical symptoms or delayed the progression of AD.4,5

Recent reports have shown that cognitive impairment is closely associated with 
tau protein phosphorylation, NFTs, and the loss of synapses and neurons, but not 
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with Aβ deposition. Tau proteins play roles in the main-
tenance of normal skeletal structure, brain maturation, 
regulation of axonal transport and neuronal signaling, the 
cellular response of heat shock, and generation of adult 
nerve impulses.6–8 Researchers in the Mayo Clinic have 
found that Aβ levels increase with NFT deposition, which 
is linked to the progression of AD and cognitive decline.9 

However, positron emission tomography imaging of 
patients with early AD showed that the deposition of tau 
proteins in the temporal lobe region, which is responsible 
for memory, was more obvious than Aβ aggregation and 
was proportional to the impairment of memory.10 Current 
strategies to reduce the abnormal deposition of tau proteins 
mainly focus on inhibiting their aggregation and accelerat-
ing their clearance.11 Therefore, targeted clearance of tau 
proteins is a potentially effective strategy to treat AD.

Autophagy is a highly conserved catabolic process in 
mammalian cells. It is a process in which lysosomes 
degrade aged cells and misfolded proteins and is charac-
terized by the formation of double membrane vesicles 
called autophagosomes.12 Homeostasis of neurons requires 
the maintenance of autophagy. There is evidence that 
decreased autophagy is positively correlated with neuro-
degenerative diseases, including the pathological progres-
sion of AD.13,14 Studies have shown an increase in the 
number of autophagic vesicles triggered by amyloid pre-
cursor protein and damaged organelles in the early stages 
of AD. However, due to the maturation and degradation 
dysfunction of these autophagic vesicles in the later stages 
of AD, the abnormal deposits of Aβ protein are not 
cleared, resulting in the formation of “senile plaques”.15 

Besides, some studies have confirmed that inducing autop-
hagy at the molecular or gene level could delay the neu-
rodegenerative diseases caused by abnormal protein 
aggregation in animal models.16–21

Due to the development of nanotechnology and materials 
science, efforts are focused on the development of a brain- 
targeted nano-delivery system to deliver drugs effectively to 
the diseased parts of the brain.22 We had previously reviewed 
nanocarrier modifications usually linked with short peptides, 
monoclonal antibodies, or protein fragments for specific 
brain targeting through enhanced binding of the nanocarrier 
system to the surface receptors in the blood-brain barrier 
(BBB).6 Nano-carriers can also regulate autophagy by:23–26 

(1) Inhibition of autophagy: The underlying mechanisms 
include inhibiting the formation of autophagosomes or inhi-
biting the fusion of autophagosomes and lysosomes by indu-
cing lysosomal membrane permeability and inhibiting the 

activity of lysosomes. (2) Induction of autophagy: This is 
mainly caused by oxidative stress and a reduction in adeno-
sine 5ʹ-triphosphate (ATP) levels. The nano-carriers enter 
cells and damage the mitochondria, leading to reactive oxy-
gen species production and oxidative stress. Mitochondrial 
dysfunction also leads to a decrease in cellular ATP levels, 
which activates the 5ʹ-adenosine monophosphate (AMP)- 
mammalian target of rapamycin (mTOR) pathway and trig-
gers autophagy. A polypeptide–polymer nanomaterial 
developed by the National Center for Nanoscience and 
Technology was injected intravenously to deliver the “nano- 
scavenger” to the lesion site and form a copolymer with Aβ 
through hydrophobic and hydrogen bond interactions. Large 
quantities of this “nano-scavenger” carrying the Aβ entered 
the cells and activated autophagy, which effectively reduced 
Aβ accumulation and neurotoxicity, thus improving the 
memory of the AD model mice.27 Thus, activation of the 
autophagy pathway by nano-carriers is a promising strategy 
for the treatment of AD.

Ceramide is a bioactive sphingolipid that triggers 
autophagy and also induces apoptosis and other forms of 
cell death.28 Like amino acid starvation, ceramide triggers 
autophagy by interfering with the mTOR signaling path-
way and by dissociating the Beclin 1:B-cell lymphoma 2 
protein (Bcl-2) complex in a c-Jun N-terminal kinase1 
(JNK1)-mediated, Bcl-2 phosphorylation-dependent 
manner.28 We had previously developed a novel system 
of nanoliposomes (Lip-ADR-Cer) for the co-delivery of 
adriamycin and ceramide to overcome cancer multidrug 
resistance, in which PEGylated C16-ceramide (PEG- 
ceramide) was employed as a liposomal component to 
increase the stability of the nanoliposomes.29 As the struc-
ture of PEG-ceramide is composed of the hydrophobic 
chain of C16-ceramide and the hydrophilic chain of 
PEG2000, we used PEG-ceramide to form nanomicelles 
to deliver salinomycin to treat liver cancer.28 To date, there 
has been no report on whether PEG-ceramide nanomi-
celles can accelerate the removal of abnormal proteins 
that mimic the pathology of AD by inducing autophagy. 
Hence, in this study, we prepared and characterized PEG- 
ceramide nanomicelles and examined their effects on tau 
proteins in mouse brain tumor cells, Neuro-2a (N2a).

Materials and Methods
Reagents
PEG-ceramide was purchased from Avanti Polar Lipids (AL, 
USA). Dimethyl sulfoxide, ammonium persulfate, and 
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Earle’s Balanced Salt Solution were purchased from Sigma- 
Aldrich (MO, USA). Phosphate-buffered saline (PBS), 
Dulbecco’s Modified Eagle Medium (DMEM) with high 
glucose, 0.25% ethylene diaminetetraacetic acid (EDTA), 
pancreatic enzymes, penicillin-streptomycin solution, fetal 
bovine serum (FBS), and bicinchoninic acid assay kit were 
purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Cell Counting Kit-8 was purchased from Dojindo 
Laboratories (Kumamoto, Japan). Rapamycin was purchased 
from MedChemExpress (MCE, USA). LC3 and p62 antibo-
dies were purchased from Abcam (Cambridge, UK). FuGene 
HD Transfection Reagent was purchased from Promega (CA, 
USA). pRK5-EGFP-Tau plasmid and pRK5-EGFP- 
TauP301L plasmid were purchased from Addgene (MA, 
USA). Plasmid Miniprep Kit was purchased from Qiagen 
(MD, USA). mRFP-GFP-LC3 adenovirus was purchased 
from Hanbio Biotechnology Co. Ltd. (Shanghai, China). 
Western and IP cell lysis solution, phenylmethanesulfonyl 
fluoride, tetramethylethylenediamine, sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) load-
ing buffer, and Ponceau S Staining Kit were purchased 
from Beyotine Biotechnology (Haimen, China). 
Tris(hydroxymethyl)aminomethane, glycine, and ampicillin 
were purchased from Bio-Light (Shanghai, China). 
Chloroform, ethyl alcohol, absolute ethyl alcohol, and poly-
sorbate 20 were purchased from Sinopharm Chemical 
Reagent Co., Ltd (Shanghai, China).

Cell Culture
Neuro-2a (N2a), a mouse-derived neuroblastoma cell line, 
was purchased from the Chinese Academy of Sciences 
Cell Bank and cultured in DMEM with high glucose con-
taining 10% FBS and 1 mM sodium pyruvate solution in 
a humidified atmosphere of 5% CO2 at 37°C.

Preparation of PEG-Ceramide 
Nanomicelles
PEG-ceramide nanomicelles were prepared as described 
previously.30 Briefly, 5 mg PEG-ceramide in a test tube 
was mixed with 3 mL chloroform, followed by 1 mL 
methanol using a vortex mixer. The solution was trans-
ferred to a 250 mL round-bottom flask and evaporated 
under vacuum for 1 h using a rotary evaporator at 
60 rpm and 37°C until a uniform film was distributed at 
the bottom of the round bottom flask. PBS (2 mL, pH=7.4) 
was subsequently added to the flask, and rotation was 
continued for 30 min at a speed of 60 rpm to dissolve 

the film. The resultant PEG-ceramide nano-micelles were 
stored at 4°C.

Characterization of PEG-Ceramide 
Nanomicelles
The particle size and zeta potential of the nanomicelles 
were analyzed using a Zetasizer Nano S (Malvern 
Instruments, Malvern, UK). Briefly, 0.05 mL of the PEG- 
ceramide nanomicelle solution was placed in a dish, 
diluted with 1 mL deionized water, and then placed on 
a Marvin laser particle size tester to determine the particle 
size distribution and zeta potential.

The morphological examination of nanomicelles was 
performed by transmission electron microscopy (TEM). 
Briefly, Briefly, samples were prepared by dropping one 
drop of nanomicelle dispersion onto a copper grid coated 
with a carbon membrane. Then the samples were dried, 
and were visualized under the Hitachi H-600 TEM (accel-
erating voltage of 200 kV).

The critical micelle concentration (CMC) of PEG- 
ceramide was determined by using the pyrene fluorescence 
method, as described previously.31 Briefly, 100 mL of 
pyrene solution (6×10−5 M in acetone) was transferred 
into a series of volumetric flasks (10.0 mL), and the 
acetone was evaporated under a gentle stream of nitrogen 
gas for 4 h at room temperature. PEG-ceramide solutions 
were added into each flask to achieve a final pyrene con-
centration of 6×10−7 M and PEG-ceramide concentrations 
ranging from 0.02 μg/mL to 250 μg/mL. Then, the solu-
tions were allowed to equilibrate for another 12 h at 37°C 
in a shaker (SHKE6000-8CE, Thermo Scientific, USA). 
A fluorescence spectrum was recorded using a fluorescent 
spectrometer F-7000 (Hitachi, Japan). The excitation 
wavelengths ranged from 300 to 360 nm, but the emission 
wavelength was fixed at 390 nm. Emission and excitation 
slit widths were both 2.5 nm, and the scanning speed was 
set at 240 nm/min.

Cytotoxicity Assay
The cytotoxicity of PEG-ceramide nanomicelles against N2a 
cells was measured using a CCK-8 kit. Briefly, N2a cells 
(dissociated into single cells) were seeded in 96-well plates 
at a density of 3×103 cells per well and incubated overnight. 
The cells were then incubated for 24 h with varying con-
centrations of PEG-ceramide nanomicelles (3.7–118.6 μM). 
Cytotoxicity was subsequently evaluated by adding the 
CCK-8 (10 μL) solution to each well of the plate. After 
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incubation for 2 h, the absorbance was measured at 450 nm 
using an enzyme-labeled mini reader (Bio-Rad, CA, USA). 
Cell viability was calculated by using the formula: [(AE 

–AB)/(AC – AB)] × 100%, where AE, AC, and AB were 
defined as the absorbance of experimental samples, untreated 
controls, and blank controls, respectively. The IC50 value 
was calculated using GraphPad Prism version 6.04 for 
Windows (GraphPad Software, La Jolla, California, USA).

Western Blotting
Western blotting of LC3 and P62 was performed by using 
the standard instructions provided by Cell Signaling 
Technology (MA, USA). Briefly, extracted protein (40 
μg) was subjected to SDS-PAGE and transferred onto 
nitrocellulose membranes. LC3 (final dilution 1:1000, 
Abcam), p62 (final dilution 1:1000, Abcam), and actin 
antibodies (final dilution 1:1000, Beyotine) were used as 
primary antibodies, and goat anti-rabbit (H+L) horseradish 
peroxidase conjugate (1:5000 dilution, Thermofisher) was 
used as the secondary antibody. The bands were detected 
by using an enhanced chemiluminescence (ECL) kit (GE 
Healthcare) and visualized with a ChemiDoc XRS system 
(Bio-Rad); protein quantitation was performed by normal-
izing relative to actin using Quantity One Version 4.6.2.

Autophagic Flux Analysis
An RFP-GFP-LC3 assay was performed to assess autop-
hagic flux. Briefly, the cells were cultured overnight on 
Live-focus culture plates and transfected with the RFP- 
GFP-LC3 adenoviral vector, as described earlier.32 After 
treatment with 5 μM PEG-ceramide nanomicelles for 24 h, 
the cells were observed under a confocal laser scanning 
fluorescence microscope. Autophagic flux was measured 
by counting the cells with GFP+/mRFP+ (yellow) and 
GFP−/mRFP+ (red) puncta. A total of 20 cells were 
counted per sample in triplicate experiments.

Extraction of pRK5-EGFP-Tau and 
pRK5-EGFP-TauP301L Plasmid
The pRK5-EGFP-Tau and pRK5-EGFP-TauP301L plas-
mids were extracted from bacteria by using the following 
methods. Briefly, 1% plasmid-containing bacterium was 
cultured overnight in 2 mL LB medium at 37°C, and 
1.5 mL of the bacterial suspension was transferred to an 
Eppendorf tube, centrifuged at 4000 rpm for 3 min, and 
the supernatant was discarded. Then, 0.1 mL of solution 
I (1% glucose, 50 mM EDTA pH 8.0, 25 mM Tris-HCl pH 

8.0) and 0.2 mL of solution II (0.2 mM NaOH, 1% SDS) 
were mixed in an ice bath for 5 min, and 0.15 mL pre-
cooled solution III (5 M potassium acetate solution, pH 
4.8) was added and mixed for 5 min in the ice bath. After 
centrifugation at 10,000 rpm for 20 min, the supernatant 
was transferred into another Eppendorf tube and mixed 
with an equal volume of isopropanol and incubated for 10 
min. After centrifugation at 10,000 rpm for another 20 
min, the supernatant was discarded. The pellet was washed 
with 0.5 mL of 70% (v/v) ethanol, and all the liquid was 
removed carefully to air-dry the pellet. The dried pellet 
was dissolved in 50 μL of Tris-EDTA buffer solution (or 
in deionized water at 60°C). The absorbance of the plas-
mid solution was determined at 260 nm using an ultravio-
let spectrophotometer, and the plasmid concentration was 
calculated.

Analysis of Tau in N2a Cells After 
Treatment with PEG-Ceramide 
Nanomicelles
N2a cells were first transfected with pRK5-EGFP-Tau and 
pRK5-EGFP-TauP301L plasmids. Briefly, N2a cells were 
seeded in 6-well plates and incubated overnight at 37°C in 
a 5% CO2 incubator; 800 μL of serum-free, antibiotic-free 
medium was added to each well. Diluting plasmid with 
serum-free, antibiotic-free cell growth medium to 
a concentration of 0.02 mg/mL (2 μg of the plasmid in 
100 μL of diluent). Then pipet the Fugene HD reagent 
(6 μL) directly into the medium containing the diluted 
DNA. The resultant mixture was incubated at room tem-
perature for 12 min and then added to the 6-well plates, 
followed by incubation at 37°C in a 5% CO2 incubator for 
2 h. Medium was added to the cells to achieve a final 
serum concentration of 1–4% in a volume of 1.5–2 mL. 
Fluorescent protein could be detected in the cells under 
a fluorescence microscope after culturing for 24 h. The cell 
suspensions were harvested and analyzed by flow cyt-
ometer to determine the transfection efficiency of pRK5- 
EGFP-Tau and pRK5-EGFP-TauP301L plasmids. Then, 
the transfected N2a cells were treated with PEG- 
ceramide micelles (5 μM) and the positive control, rapa-
mycin (5 μM) for 24 h, the total protein was extracted for 
Western blotting analysis.

Statistical Analysis
Data in this study were analyzed using SPSS 13.0 soft-
ware (SPSS, Inc., IL, USA). Student’s unpaired t-tests 
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and one-way analysis of variance with Dunnett’s or 
Newman Keul’s post-tests were used. Differences with 
p values of less than 0.05 indicated significance. *P < 
0.05; **P < 0.01; ***P < 0.001; n.s. represents not sig-
nificant (P > 0.05).

Results
Characterization of PEG-Ceramide 
Nanomicelles
The PEG-ceramide nanomicelles showed a normal size 
distribution with a single peak and narrow peak width; the 
average diameter was 17.69 nm, and the zeta potential was 
0.75 mv (Figure 1A and B). Theoretically, a small particle 
size facilitates better tissue permeability, while the neutral 
potential reduces binding to serum proteins and increases 
the penetration through cell membranes.33,34 Transmission 
electron microscopy revealed that PEG-ceramide nanomi-
celles were spherical and well-dispersed, with a size of ~20 
nm (Figure 1C). To examine the amphiphilic property and 
self-assembling behavior of PEG-ceramide nanomicelles, 
the critical micelle concentration (CMC) of the copolymers 
was determined by using a pyrene fluorescence method 
described earlier.29 The shift of the excitation band at 334 

nm was negligible at low concentrations of copolymers 
(Figure 1D). However, a redshift of the excitation band to 
336 nm could be detected as the concentration of the 
copolymers increased. The fluorescence intensity ratio 
(I336/I334) was plotted against the concentrations of the 
copolymers, and the CMC values of the copolymers were 
defined as the intersection of the lines drawn through the 
points of flat regions of the curves at low concentrations and 
the rapidly rising parts of the curves at high concentrations. 
The CMC, an important characteristic of a surfactant, indi-
cates the concentration above which the detergent forms 
micelle complexes. PEG-ceramide has a low CMC value 
(7.89 μg/mL), which might be beneficial in maintaining and 
stabilizing the original structure of PEG-ceramide 
nanomicelles.

In vitro Cytotoxicity of PEG-Ceramide 
Nanomicelles
The toxic effects of PEG-ceramide nanomicelles on 
N2a cells were concentration-dependent, and the IC50 

value was found to be 21.89 μM (Figure 2). Hence, 
concentrations below 20 μM (2.5 μM, 5.0 μM, 
10.0 μM, and 20 μM) were selected for subsequent 
experiments.

Figure 1 Characterization of nanomicelles. (A and B) Size distribution and zeta potential of PEG-ceramide nanomicelles. One representative image is shown. (C) TEM 
image of nanomicelles. Bars represent 100 nm. (D) CMC values of the PEG-ceramide copolymers were determined by a pyrene fluorescence method. The fluorescence 
intensity ratio (I336/I334) was plotted against the concentrations of the copolymers, and the CMC values of the copolymers were defined as the intersection of the lines 
drawn through the points of flat regions of the curves at low concentrations and the rapidly rising parts of the curves at high concentrations. 
Abbreviations: PEG, polyethylene glycol; TEM, transmission electron microscopy; CMC, critical micelle concentration.
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Analysis of Autophagic Flux by LC3 and 
P62 Analysis
To elucidate the effects of PEG-ceramide nanomicelles on 
autophagic flux, we performed Western blotting to detect 
the expression of autophagy proteins, LC3 and p62, and 
immunofluorescence after transfection of an LC3 reporter 
protein in N2a cells after PEG-ceramide nanomicelle treat-
ment. At the beginning of the autophagic process, LC3-I 
(cytosolic LC3) undergoes cleavage, and the remaining 
peptide is conjugated to phosphatidylethanolamine to 
form LC3-II (autophagosome-membrane-type LC3). As 
a consequence, LC3-I levels decrease while LC3-II levels 
increase; hence, the LC3-II/LC3-I ratio is usually used to 
estimate the level of autophagic activity. In the process of 
autophagy, the ubiquitin-binding protein, p62, binds to 
a ubiquitinated protein and forms a complex with the LC3- 
II protein on the membranes of the autophagosomes, 
which is eventually degraded in the lysosome. Hence, 
p62 is constantly degraded as a substrate when autophagy 
is activated.32

The LC3-II/LC3-I ratios of the experimental group and 
rapamycin group increased significantly (p < 0.01), 
whereas p62 protein levels decreased significantly 
(Figure 3, p < 0.01) except for 2.5 μM of PEG-ceramide 
nanomicelles. However, no concentration dependence was 
observed because higher concentrations of the PEG- 
ceramide nanomicelles were cytotoxic and inhibited autop-
hagic activity. As the highest level of autophagic activity 
was induced by 5 μM of PEG-ceramide nanomicelles and 
rapamycin, and this concentration of the nanomicelles only 

caused low cytotoxicity in N2a cells, this concentration 
was selected for subsequent experiments.

Analysis of Autophagic Flux by the 
RFP-GFP-LC3 Assay
A novel tandem fluorescent-tagged reporter system, RFP- 
GFP-LC3, comprising the fusion of LC3 to an acid- 
resistant red fluorescent protein (RFP) and acid-sensitive 
green fluorescent protein (GFP), has been developed to 
analyze autophagosome maturation and degradation and 
monitor autophagic flux. The cells were transduced with 
a virus that expressed the RFP-GFP-LC3 fusion protein, 
which facilitated the tracking of labeled LC3. The fluor-
escence of acid-sensitive GFP is quenched by the fusion of 
autophagosomes and lysosomes. Thus, this reporter system 
can be used to identify autophagosomes (GFP+/RFP+; 
yellow dots) and autolysosomes (GFP−/RFP+; red dots). 
Consistent with the increase in LC3-II/LC3-I and the 
decrease in p62 protein, PEG-ceramide nanomicelles 
demonstrated a significant increase in the autophagic 
activity as determined by increased green/red fluorescence 
compared to controls (Figure 4A). The numbers of GFP 
and mRFP dots per cell were both significantly increased 
(p < 0.01) after treatment with 5 μM of PEG-ceramide 
nanomicelles for 24 h (Figure 4B). In the merged images, 
the numbers of yellow dots and free red dots were also 
significantly increased (p < 0.01), indicating significantly 
increased autolysosome and autolysosome formation, and 
suggesting that PEG-ceramide nanomicelles increases 
autophagic flux (Figure 4C).

Analysis of Tau in N2a Cells After 
Treatment with PEG-Ceramide 
Nanomicelles
As PEG-ceramide nanomicelles increased the autophagic 
flux in N2a cells, we hypothesized that the nanomicelles 
could degrade overexpressed Tau proteins by activating 
autophagy. N2a cells were transfected with plasmids to 
express the wild-type (WT) and mutant (P301L) human 
Tau proteins. After transfection, GFP was detected in the 
cells under the fluorescence microscope, which suggested 
that both wild-type Tau and mutant-type Tau were 
expressed in the cells (Figure 5A and B). Flow cytometric 
analysis suggested that the transfection efficiency of 
pRK5-EGFP-Tau and pRK5-EGFP-TauP301L plasmids 
were 60%-70% in N2a cells (Figure 5C). Western blotting 
revealed that, similar to 5 μM rapamycin, 5 μM 

Figure 2 Dose-dependent cytotoxicity induced by nanomicelles in N2a cells. The 
cells were incubated for 24 h with varying concentrations of nanomicelles, and the 
cell viability was evaluated by the CCK-8 assay. The fitted curve of the average of 
three experiments is shown.
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PEG-ceramide nanomicelles significantly increased the 
LC3-II/LC3-I ratios, but significantly reduced the content 
of WT-Tau and P301L-Tau proteins in the cells (Figure 6, 
p < 0.001).

Discussion
This study is the first to employ PEG-ceramide nanomi-
celles as an agent to induce autophagy to clear the tau 
protein in neuroblastoma cells. Targeted clearance of tau 
proteins is a potential therapeutic strategy for AD.21 

Autophagy is a highly conserved catabolic process, and 
any decrease in autophagic activity can cause the abnormal 
deposition of tau proteins. We had previously shown that 
nanomicelles composed of amphiphilic block copolymers 
could be efficiently loaded with a hydrophobic anticancer 
drug.29,30 Ceramide has very small and poorly hydrated 
head groups, and the packing parameters (PP) are > 1.3.29 

However, the PP of PEG-ceramide was significantly lower 
because of the hydrophilic tail of the PEG moiety, and its 
amphiphilic polymeric structure resulted in its ability to 
form nanomicelles. Our results show that the CMC of 

PEG-ceramide is very low (7.89 μg/mL), confirming that 
PEG-ceramide could form nanomicelles. Our data show 
that the PEG-ceramide nanomicelles are very small, 
~10–20 nm, with a nearly neutral zeta potential (0.75 
mV). The small size of the nanomicelles could facilitate 
cell penetration.33 Furthermore, nanoparticles with neutral 
zeta potential tend to have less harmful interactions with 
serum albumin compared to cationic nanoparticles.34

In the last 15 years, there have been no new drugs 
for AD, and the failure rate has been almost 100%, espe-
cially for drugs targeted at Aβ.4,5 Tau proteins have high 
solubility and are present in the central and peripheral 
nervous system neurons, astrocytes, and oligodendrocytes, 
especially in the axons of the central or peripheral nervous 
system neurons. Their physiological functions include pro-
moting tubulin aggregation and microtubule stability, as 
well as playing an important role in the transmission of 
intracellular substances in neurons.6–8 In other words, Aβ 
is the key to pathological changes in the late stage of AD 
while abnormal deposition of tau proteins is the real 
source of cognitive decline and memory loss in early AD 

Figure 3 PEG-ceramide nanomicelles promote autophagy in N2a cells. (A) Western blots of LC3-I, LC3-II, and p62 in N2a cells treated with different concentrations of PEG- 
ceramide nanomicelles. RM (rapamycin, 5 μM) was used as positive control. (B and C) The graph of protein levels normalized to β-actin levels. All other groups were compared with 
the untreated control group by one-way analysis of variance with Dunnett’s post hoc test. Data are expressed as mean ± standard deviation (n = 3). **p < 0.01 and ***p < 0.001. 
Abbreviations: PEG, polyethylene glycol; LC3, light chain 3.
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patients. Therefore, the clearance of Tau proteins is prob-
ably an effective means to relieve the symptoms of AD.

In this study, we investigated the effects of PEG- 
ceramide nanomicelles on autophagic flux by determining 
LC3 and p62 levels by Western blotting and measuring 
RFP-GFP-LC3 fluorescence by confocal microscopic ana-
lysis, both standard protocols for evaluating autophagic 
flux.32 PEG-ceramide nanomicelles induced autophagic 
flux, which was reflected in the increased LC3-II/LC3-I 
ratios and decrease in p62 levels. Furthermore, analysis of 
the distribution of the RFP-GFP-LC3 fusion protein shows 
that the number of yellow and red dots significantly 
increased in N2a cells, indicating an increase in autopha-
gic flux. Current studies have shown that autophagosomes 
can be seen in the pathologic anatomy of brain tissues of 
a considerable number of AD patients after death. These 
findings have drawn attention to the study of the patholo-
gical process of autophagy in AD.35 Autophagy promotes 

the degradation of “waste” by lysosomal proteases, and the 
digested material is reused to make the necessary compo-
nents for cells.36,37 With aging, the levels of autophagy 
tend to decrease;38 therefore, autophagy defects may con-
tribute to the progression of many neurodegenerative 
diseases.39–41

Current therapeutic strategies focus on inhibiting the 
aggregation of tau proteins.42,43 Methylene blue directly 
affects the formation of tau polymers in AD; however, 
due to its high hydrophilicity, its access to the brain is 
restricted.43,44 Some studies have used nano-carriers to acti-
vate autophagy to accelerate the degradation of Aβ and 
Huntingtin proteins for the treatment of AD.24,27 However, 
this is the first study to examine induction of autophagy by 
nanomicelles to accelerate the clearance of tau proteins for 
the treatment of AD. We have confirmed that PEG- 
ceramide nanomicelles could degrade tau proteins by indu-
cing autophagy in N2a cells, but its exact mechanism and 

Figure 4 PEG-ceramide nanomicelles increase autophagic flux in the RFP-GFP-LC3 assay. The cells were transfected with the RFP-GFP-LC3 adenoviral vector. After 
treatment with PEG-ceramide nanomicelles, the cells were observed under a confocal microscope. (A) The cells under a confocal microscope. Scale bar: 20 μm. (B) The 
GFP+ and RFP+ LC3 puncta. (C) Autophagic flux was measured by counting the cells with GFP+/RFP+ (yellow) and GFP−/RFP+ (red) LC3 puncta. In all, 20 cells were counted 
per sample for each condition. Data (mean ± standard deviation, n = 20) are representative of three independent experiments. All the groups are compared to the control 
group by using non-paired Student’s t-test. **p < 0.01. 
Abbreviations: PEG, polyethylene glycol; RFP, red fluorescent protein; GFP, green fluorescent protein; LC3, light chain protein 3.
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in vivo effects still need further study, mainly including: (1) 
The pathway of PEG-ceramide nanomicelles in regulating 
autophagy; (2) The permeability and toxicity of PEG- 
ceramide nanomicelles to the blood-brain barrier in vivo; 

(3) Demonstrates that PEG-ceramide nanomicelles induce 
autophagy to degrade tau protein in vivo. In conclusion, 
nanomedicine induced autophagy is expected to be a new 
strategy for the treatment of AD.

Figure 5 The transfection efficiency of N2a cells with pRK5-EGFP-Tau and pRK5-EGFP-TauP301L plasmids, as reflected by the GFP fluorescence. (A) Fluorescent image of 
N2a cells transfected with the pRK5-EGFP-Tau plasmid; (B) Fluorescent image of N2a cells transfected with the pRK5-EGFP-TauP301L plasmid. (C) The transfection 
efficiency of pRK5-EGFP-Tau and pRK5-EGFP-TauP301L plasmids were determined by flow cytometry, respectively. 
Abbreviations: EGFP, enhanced green fluorescent protein; GFP, green fluorescent protein.

Figure 6 PEG-ceramide nanomicelles promote autophagy and degrade tau protein in N2a cells. (A) Western blotting of LC3-I, LC3-II, and tau protein in N2a cells treated with 
PEG-ceramide nanomicelles. RM (rapamycin, 5 μM) was used as positive control. (B and C) The graph of protein levels normalized to β-actin levels. All other groups were compared 
to the untreated control group by one-way analysis of variance with Dunnett’s post-hoc test. Data are expressed as mean ± standard deviation (n = 3). ***p < 0.001. 
Abbreviations: PEG, polyethylene glycol; LC3, light chain 3.
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Conclusion
This study demonstrates that these novel PEG-ceramide 
nanomicelles could degrade overexpressed human tau pro-
teins by activating autophagy in N2a cells; however, the 
mechanism still needs to be elucidated. Future studies will 
explore the efficiency of removal of tau proteins through 
autophagy induced by PEG-ceramide nanomicelles. These 
materials could become a potential nano-drug for the treat-
ment of AD.

Abbreviations
AD, Alzheimer’s disease; Aβ, amyloid beta protein; PEG, 
polyethylene glycol; LC3, light chain 3 protein; NFT, 
neurofibrillary tangle; BBB, blood brain barrier; ATP, ade-
nosine 5ʹ-triphosphate; EGFP, enhanced green fluorescent 
protein; GFP, green fluorescent protein; RFP, red fluores-
cent protein; IP, immunoprecipitation.
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