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Despite converging epidemiological evidence for the inverse relationship of regular

caffeine consumption and risk of developing Parkinson’s disease (PD) with animal

studies demonstrating protective effect of caffeine in various neurotoxin models of

PD, whether caffeine can protect against mutant α-synuclein (α-Syn) A53T-induced

neurotoxicity in intact animals has not been examined. Here, we determined the effect of

chronic caffeine treatment using the α-Syn fibril model of PD by intra-striatal injection

of preformed A53T α-Syn fibrils. We demonstrated that chronic caffeine treatment

blunted a cascade of pathological events leading to α-synucleinopathy, including

pSer129α-Syn-rich aggregates, apoptotic neuronal cell death, microglia, and astroglia

reactivation. Importantly, chronic caffeine treatment did not affect autophagy processes in

the normal striatum, but selectively reversed α-Syn-induced defects in macroautophagy

(by enhancing microtubule-associated protein 1 light chain 3, and reducing the receptor

protein sequestosome 1, SQSTM1/p62) and chaperone-mediated autophagy (CMA,

by enhancing LAMP2A). These findings support that caffeine—a strongly protective

environment factor as suggested by epidemiological evidence—may represent a novel

pharmacological therapy for PD by targeting autophagy pathway.

Keywords: α-synuclein, caffeine, autophagy, macroautophagy, α-synucleinopathy, Parkinson’s disease, striatum

INTRODUCTION

Parkinson’s disease (PD) is pathologically characterized by selective degeneration of dopaminergic
neurons in the midbrain and the presence of intracellular amyloidogenicα-synuclein (α-Syn)
inclusions, known as Lewy bodies and Lewy neurites, which progress from the medulla to midbrain
and throughout cortical areas. The studies over the last two decades have identified altered α-
Syn function as a key molecular pathogenesis mechanism of PD (Goedert, 2001; Lashuel et al.,
2013; Wong and Krainc, 2017). Many recent studies also suggested a “prion-like” cell-to-cell
transmission of α-Syn as a critical molecular event underlying the spread of α-Syn pathology and
disease progression in PD (Masuda-Suzukake et al., 2013; Brundin and Melki, 2017; Goedert et al.,
2017). Currently, there are no successful treatments available that can slow or halt this chronic
neurodegeneration (Shoulson, 1998; Mattson, 2004; Olanow, 2004; Lopez-Diego andWeiner, 2008;
Mestre et al., 2009).
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In the absence of an effective treatment for PD,
epidemiological and experimental investigations into potential
risk factors (including dietary factors) that may allow individuals
to decrease their risk for neurodegenerative disorders has
become more appealing. Caffeine is doubtless the most widely
consumed psychoactive substance. It is estimated that more
than 50% of the world’s adult population consume caffeine daily
(Fredholm et al., 1999). Since 2000, several large prospective
epidemiological studies have shown an inverse relationship
between the consumption of caffeinated (but not decaffeinated)
coffee and the risk of developing PD, including the Honolulu
Heart Program (Ross et al., 2000), the Health Professionals’
Follow-Up Study and the Nurses’ Health Study (Ascherio et al.,
2001), and the Finnish Mobile Clinic Health Examination
Survey (Saaksjarvi et al., 2007). A recent meta-analysis of
110 observational studies has firmly established a relationship
between increased caffeine consumption and decreased risk
of developing PD (Grosso et al., 2017). Despite considerable
strengths of epidemiological evidence, the therapeutic potential
of caffeine remains unclear. In particular, there are concerns
over the failure of recent clinical trials to demonstrate the
symptomatic therapeutic benefits in PD patients (Simon et al.,
2015; Postuma et al., 2017).

Moreover, studies with animal models of PD provide a
compelling clue about the potentially protective effects of
caffeine by demonstrating that caffeine treatment attenuates
dopaminergic neurotoxicity and neurodegeneration in MPTP
model of PD. Importantly, pharmacological blockade or genetic
inactivation of adenosine A2A receptor (A2AR, the main
pharmacological target of caffeine in the brain) attenuates
dopaminergic neurotoxicity and neurodegeneration (Chen et al.,
2001; Ikeda et al., 2002; Xu et al., 2002), suggesting that the
protective effects of caffeine are due to its action on the A2AR
(Chen, 2014). Given the central role of pathological forms of α-
Syn in PD pathogenesis, recent studies show that A2AR blockade
decreases α-Syn aggregation in SynT-Synphilin-1 neuroglioma
cells (Ferreira et al., 2017a) and rescue synaptic and cognitive
deficits in aSyn-transgenic mice (Ferreira et al., 2017b) and A2AR
gene disruption protects in α-Syn model of PD by preventing
loss of dopamine and dopaminergic neurons (Kachroo and
Schwarzschild, 2012). Moreover, we show that genetic deletion of
A2ARs attenuates neurodegeneration and cognitive impairments
with reduced microglial and NF-kb activation in α-Syn fibril
model of PD (Hu et al., 2016). Recently, caffeine has also been
shown to attenuate the toxicity of α-Syn aggregates in vitro
and in yeast proteotoxicity model by direct binding of caffeine
with α-Syn proteins (Kardani and Roy, 2015). However, whether
caffeine can modulate mutant α-Syn-induced neurotoxicity in
intact animal models of PD has not been examined.

Abbreviations: α-Syn, α-synuclein; A2AR, adenosine A2Areceptor; PD,

Parkinson’s disease; pSyn, phosphorylated α-synuclein; AD, Alzheimer’s disease;

CMA, chaperone-mediated autophagy; LC3, microtubule-associated protein 1

light chain 3; LAMP2, lysosomal-associated membrane protein 2; SQSTM1/p62,

sequestosome 1; ALP, autophagy-lysosomal pathway; GBA, glucosidase beta acid

1; GCase, glucocerebrosidase; IBA1, Ionized calcium binding adaptor molecule-1;

TUNEL, TdT-mediated dUTP Nick-End Labeling; GFPA, glial fibrillary acidic

protein.

Considering the possible mechanism associated with the
postulated effect of caffeine, both caffeine and A2AR signaling
can regulate autophagy activity under different conditions in
several cell types (Sinha et al., 2014; Liu et al., 2016). Furthermore,
increasing evidence demonstrates that aberrant regulation of
autophagy, as one of the main systems involved in the proteolytic
degradation of α-Syn, contributes to the aggregation of α-Syn
and α-Syn-induced neurodegeneration in PD (Ebrahimi-Fakhari
et al., 2012; Poehler et al., 2014; Xilouri et al., 2016). Thus, we
postulated that caffeine protects against α-synucleinopathy by
modulating autophagy activity in intact animal models of PD.

In the present study, we implemented the well-established α-
Syn fibril model of PD by intra-cerebral injection of preformed
A53T α-Syn fibrils to explore the caffeine’s protective effect
and associated mechanisms. This PD model has been recently
shown to recapitulates many features of PD, including neuron
loss and robust formation of α-Syn inclusions, which resemble
biochemical and morphological features of Lewy bodies and
Lewy neurites found in the PD brain (Volpicelli-Daley et al.,
2011; Luk et al., 2012a), and the abnormal seeking and spreading
of α-Syn inclusions throughout the brain. This is in contrast
with α-Syn soluble oligomeric species that are thought to be
the most neurotoxic species, but they apparently do not cause
inclusion formation (Volpicelli-Daley et al., 2011, 2014). Using
this PD model coupled with the chronic caffeine treatment
paradigm to resemble human caffeine consumption, we provided
the direct evidence that chronic caffeine treatment confers
neuroprotective effect by blunting a cascade of pathological
events leading to α-Syn pathology, including pSer129α-Syn-
rich aggregates, neuroinflammation, and apoptotic neuronal
cell death. Furthermore, this protective effect of caffeine is
associated with the enhanced activity of autophagy (specifically
macroautophagy and chaperone-mediated autophagy, CMA).
These findings support that caffeine—a strongly protective
environment factor by epidemiological evidence—may represent
a novel pharmacological therapy for PD by targeting autophagy
pathway.

MATERIALS AND METHODS

Animals
All experimental procedures were conducted in accordance with
the US National Institutes of Health Guide for the Care and
Use of Laboratory Animals and the Animal Experimentation
Regulation ofWenzhouMedical University, China. The C57BL/6
male mice (10–12 weeks old, weighting 22–26 g) were provided
by Beijing Vital River Laboratory Animal Technology Co., Ltd.
and maintained under the controlled environment (23 ± 2◦C;
12 h light/dark cycle; ad libitum access to food and water).

Preparation and Analysis of Recombinant
α-Syn Fibrils
Purification of recombinant α-Syn proteins and in vitro fibril
formation was performed as previously described (Luk et al.,
2012b) and validated by electron microscopic analysis. Briefly,
full-length cDNA of human α-Syn-His6 containing A53T
mutation was synthesized and cloned into E. coli expression
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vector pET24a. The expression vector was then used to transform
BL21 (DE3) cells. Appropriate chromatography including nickel
affinity and gel filtration was implemented to purify the
target proteins. Protein concentrations (over 90% purity) were
determined using the BCA kit (Beyotime Biotechnology) with
BSA as a standard. The nature of α-Syn fibrils was assessed using
a H-7650 (Hitachi Ltd, Japan) transmission electron microscope
(TEM) after adsorption of the samples onto carbon-coated 200-
mesh grids and negative staining with 1% uranyl acetate. The
images were acquired with a GatanOrius CCD camera (Gatan,
US).

Intra-Striatal Injection of Preformed A53T
α-Syn Fibrils
The injection of α-Syn fibrils was performed as previously
described (Luk et al., 2012a,b; Hu et al., 2016). The α-Syn fibrils
were incubated at 37◦C at 5 mg/ml in sterile PBS with shaking
at 1,000 rpm and diluted to a concentration of 1.54 mg/ml
in sterile PBS, then α-Syn fibrils were briefly sonicated before
intracerebral injection. For histological analysis of α-Syn-induced
pathology, male mice with 10–12 weeks old (weighting 22–26 g)
were bilaterally injected with 3.25 µl (5 µg) A53T α-Syn or 3.25
µl sterile PBS into the striatum (coordinates from bregma: AP,
+0.98mm; ML, ±2.25mm; DV, −2.6mm). The injection was
performed stereotaxically at a rate of 0.15 µl/ min (total volume
of 3.25 µl/ site) with the needle in place for 10min before its
withdrawal.

Chronic Caffeine Treatment
The caffeine chronic treatment was adapted from our previous
studies of caffeine-mediated protection against traumatic brain
injury (Li et al., 2008; Chen et al., 2010). Caffeine (Sigma Aldrich,
C0750) solution was freshly prepared at concentration of 1 g/L
in drinking water and was given to mice (10–12 weeks old).
This dosage produced plasma caffeine and metabolite levels at
the concentration of∼0.4–2 mg/L, comparable to those obtained
by regular human coffee consumption (∼1–4 mg/L) (Fredholm
et al., 1999). Indeed, we measured the blood levels of caffeine
in this study by HPLC and confirmed that the blood levels of
caffeine are 5.271± 2.457 mg/L. Caffeine treatment was initiated
7 days before the mice received intra-striatal injections of PBS
or A53T α-Syn fibrils and continuously lasted for 120 days.
The mice exposed to water only served as a control of vehicle
treatment.

Immunohistochemical and
Immunofluorescence Analyses
Mice were deeply anesthetized using 3.6% chloral hydrate with
an overdose and then transcardially perfused with saline and
4% paraformaldehyde. Brains were removed and post-fixed in
4% paraformaldehyde for 4–6 h at 4◦C, and then equilibrated
using gradient sucrose solution (10, 20, and 30%). Brain
sections (30µm) were cut with a freezing microtome (Leica
CM 1950). Immunohistochemistry and immunofluorescence
were performed on 30µm free-floating sections. Free-floating
sections were washed in 0.01M PBS (pH = 7.4) and then
incubated for 60min in 0.3% TritonX-100 and 10% normal

donkey serum. Primary antibodies were incubated following
manufacturers’ protocols: pSyn (Wako, 1:1,000, 015-25191),
GFAP (Sigma-Aldrich, 1:400, G3893), Iba-1 (WAKO, 1:200,
019-19741), LC3B (Abcam, 1:200, ab48394), SQSTM1/p62
(Abcam, 1:100, ab56416), LAMP2A (Abcam, 1:200, ab18528).
For immunofluorescence analysis, brain sections were incubated
with Alexa 488-conjugated secondary antibodies (Invitrogen, A-
11029, 1:1,000) or Alexa 594-conjugated secondary antibodies
(Invitrogen, A-11007, 1:1,000). The sections were washed
and mounted. Fluorescent mounting medium (contain DAPI)
were applied on the sections. Images were acquired by
a fluorescence microscope and quantified as MOD (mean
optical density) using Image Pro Plus. Fluorescent double
staining was visualized by confocal microscopy (LSM710,
Zeiss). For immunohistochemical analysis, the sections were
incubated with the Biotin-SP-AffiniPure Donkey Anti-Mouse
IgG (H+L) (Jackson immuno-research, 1:1,000, 715-065-151)
or Biotin-SP-AffiniPure Fab Fragment Donkey Anti-Rabbit IgG
(H+L) (Jackson immuno-research, 1:1,000, 711-067-003). The
sections were then immunostained using the avidin-biotin
complex (ABC) system (VECTASTAIN Elite ABC-HRP Kit,
Vector Laboratories, PK-6100) and immunocomplexes were
visualized by DAB Peroxidase (HRP) Substrate Kit (Vector
Laboratories, SK-4100). The sections were counterstained with
hematoxylin and images were acquired with a bright-field
microscope.

TUNEL Staining for Detection of Cell
Apoptosis
The TdT-mediated dUTP Nick-End Labeling (TUNEL) staining
was performed on 30-µm sticking frozen brain sections using a
commercial In Situ Cell Death Detection Kit (Roche Diagnostics,
Basel, Switzerland). Briefly, striatal sections (30µm) were
permeabilized and antigen retrieval was performed by 0.1%
sodium citrate buffer solution with 0.1% Triton X-100 for 5min
at 4◦C. After washing for 3 times, the sections were incubated
in TUNEL reaction solutions for 1 h at 37◦C, and then washed.
Fluorescent mounting medium (contain DAPI) was applied
onto the sections. Fluorescent double staining was visualized by
confocal microscopy (LSM710, Zeiss).

Western Blot Analysis
The mice were anesthetized using 3.6% chloral hydrate and
then decapitated. Striatal tissues from these bilaterally injected
mice were dissected out and processed for Western blot
analysis. Briefly, after measurement of protein concentration,
samples were diluted with five volumes of SDS-PAGE buffer.
These diluted samples were separated by SDS-PAGE (12%
with a 5% concentrating gel) in reducing conditions and
electro-transferred to PVDF membranes (Millipore, US). After
blocking for 2 h at room temperature with 5% milk in Tris-
buffered saline (pH = 7.6) containing 0.05% Tween-20 (TBS-
T), the membranes were incubated overnight at 4◦C with
anti-LC3B antibody (Abcam, 1:1,000, ab48394), anti-Beclin1
antibody (Abcam, 1:500, ab62557), anti-SQSTM1 antibody
(Abcam,1:1,000, ab56416), anti-LAMP2A antibody (Abcam,
ab18528,1:1,000), anti-Hsc70 antibody (Abcam,1:1,000, ab2788),
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anti-PSMC3 (Abcam, ab171974, 1:1,000), anti-Proteasome 20S
beta 6 (abcam, ab150392, 1:1,000) and β-actin (Abcam, ab8226,
1:1,000). After three washes, the membranes were incubated with
goat anti-Rabbit secondary antibody (Li-COR, P/N 925-32211,
1:5,000) or goat anti-Mouse secondary antibody (Li-COR, P/N
925-32210, 1:5,000) for 2 h at room temperature. The images of
Western blot were taken by LI-COR Odyssey.

RNA Isolation and Quantitative PCR
The mice were anesthetized using 3.6% chloral hydrate and
then decapitated. Striatal tissues from these bilaterally injected
mice were processed for quantitative PCR analyses. Striatal
tissues were homogenized in TRIzol reagent (Life Technologies,
15596-026), and total RNA was extracted according to the
manufacturer instructions. Concentration and purity of total
RNA were then determined using NanoDrop ND 1,000
(Thermo Scientifics). First cDNA chain was synthesized
from 1 µg of extracted total RNA using PrimeScriptTM RT
Master Mix (Perfect Real Time) (Takara) according to the
manufacturer’s protocol. Quantitative PCR was performed
with SYBR-Green premix Extaq (Takara) and detected by a
Real Time PCR System (CFX96; Bio-Rad). GAPDH was used
as an internal control gene. The following primers were used
for map1lc3b (forward: 5′-ACAAAGAGTGGAAGATGTCCG-
3′ and reverse: 5′-CCCCTTGTATCGCTCTATAATCAC-3′),
beclin1 (forward: 5′-AGGAACTCACAGCTCC ATTAC-
3′ and reverse: 5′-AATGGCTCCTCTCC TGAGTT-3′),
sqstm1 (forward: 5′-CCTATA CCCACATCTCCCACC-3′

and reverse: 5′-TGTCG TAATTCTTGGTCTGTAGG-3′),
lamp2a (forward: 5′-TGTATTTGGCTAATGGCTCAGC-3′ and
reverse: 5′-TATGGGCACAAGGA AGTTGTC-3′) and hsc70
(forward: 5′-TCTCGGCACC ACCTACTCC-3′ and reverse: 5′-
CTACGCCCGATCAGACGTTT-3′). A standard two-step PCR
amplification was performed, with a melting step at 95◦C for 15
sand annealing and elongation at 60◦C for 30 s, for 40 cycles.
Following PCR amplification, a first derivative melting-curve
analysis was conducted to confirm the specificity of the PCR. Ct
values were converted to relative quantification using the 2−11Ct

method.

Statistical Analysis
All quantitative assessments of immunohistochemistry
and immunofluorescence staining results were made by
an investigator who was blind to the treatments of the
experimental animals. For quantitative analysis, three sections
per mouse were selected and cell counts for each section
were obtained. These cell counts were normalized to the total
number of cells as labeled by DAPI. Cell counts from three
sections were averaged for each mouse. Immunostaining
and western blotting images were all quantified by Image
J software. All statistical analyses were carried out using
SPSS Statistics 19.0 (SPSS Software) and GraphPad Prism
7.0 (GraphPad Software). The data were presented as mean
± SEM. All experimental data were analyzed by two-way
ANOVA (with a-Syn and caffeine treatments as two factors),
followed by Bonferroni post-hoc test for multiple experimental

group comparisons. p < 0.05 was considered statistically
significant.

RESULTS

Chronic Caffeine Treatment Attenuates
p129-Positive α-Syn Inclusions Induced by
Intra-Striatal Injection of A53T α-Syn Fibrils
To explore the neuroprotection against synucleinopathy by
caffeine, we used the intra-striatal injection of full-length human
A53T α-Syn fibrils to induce synucleinopathy as we described
previously (Hu et al., 2016). Figure 1A shows the preformed
A53T α-Syn fibrils by electron microscopy analysis. Caffeine
treatment via drinking water was given 7 days prior to the
α-Syn injection and lasted for about 4 months. At about 120
days after the injection, α-Syn inclusion pathology with typical
morphology of Lewy bodies or Lewy neurites was detected
at and near the injection site in the striatum (Figure 1B).
Consistent with our previous study, whereas the mice injected
with PBS did not exhibit α-Syn inclusion, the mice injected A53T
α-Syn fibrils displayed prominent α-Syn inclusion pathology,
as evident by the presence of p129-positive α-Syn aggregates
around the striatal injection site (Figure 1B). Percentage of
striatal cells with α-Syn inclusion was increased compared to the
PBS control group (Figure 1C, n = 4/group, ∗∗∗∗p < 0.0001).
Importantly, chronic caffeine treatment markedly attenuated the
α-Syn inclusion pathology, with reduced and diffused staining
of p129-positive α-Syn inclusion in the striatum. Percentage
of cells with α-Syn inclusion was significantly decreased in
A53T group treated with caffeine compared to the A53T-
water treatment group (Figure 1C, n = 4/group, ∗∗∗∗p <

0.0001).

Chronic Caffeine Treatment Attenuates
A53T α-Syn-Induced Cellular Apoptosis in
the Striatum
To explore neuroprotection by caffeine against α-
synucleinopathy, we examined α-Syn-triggered neuronal
death by electron microscopy analysis and by TUNEL assay
in the striatum of caffeine-treated and water-treated mice. As
shown in Figure 2A, after the striatal injection, A53T α-Syn
fibrils triggered a neuronal cell death pathology characterized
by decreased size of cells, fuzzy boundary of the nuclear
membrane, increased heterochromatin, accumulation of
lipofuscin and cristae fractured of swelling mitochondria at the
ultra-structural level. Importantly, chronic caffeine treatment
apparently reverted these ultrastructural changes. Similarly,
at the cellular level, prominent apoptosis was induced by
A53T α-Syn fibrils compared with the PBS-treated control
mice (Figure 2B). The number of TUNEL-positive cells
induced by A53T α-Syn fibrils was elevated compared to
the PBS control (Figure 2C, n = 4/group, ∗∗∗p = 0.0001).
Notably, chronic caffeine treatment reduced the number
of TUNEL-positive cells induced by α-Syn (Figure 2C, n
= 4/group, ∗∗p = 0.0036). Thus, caffeine protected against
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FIGURE 1 | Chronic caffeine treatment attenuates p129-positive α-Syn inclusion induced by A53T α-Syn fibrils. C57B/L6 mice were bilaterally injected with PBS or

A53T α-Syn fibrils into the striatum and treated with caffeine or drinking. Mice striatum were analyzed for α-Syn inclusions 4 months after the injection and treatment.

(A) Electron micrographs of preformed A53T α-Syn fibrils before and after sonication. (B) Immunofluorescence and immunohistochemistry staining of p129-positive

α-Syn inclusions in the striatum were mainly detected in the mice injected with A53T α-Syn fibrils. The p129-Syn-inclusions were attenuated by chronic caffeine

treatment at 4 months. (C) Quantitative analysis of cells containing p129-Syn-positive inclusions. After the injection of A53T α-Syn fibrils, the number of

p129-Syn-positive cells was significantly increased in striatum (n = 4/group, ****p < 0.0001). Following chronic caffeine treatment, the signal of p129-Syn-positive

cells was decreased markedly (n = 4/group, ****p < 0.0001). Scale bar: 100 and 20µm.

synucleinopathy by modulating α-Syn-induced apoptosis in the
striatum.

Caffeine Attenuates A53T α-Syn-Induced
Microglial Activation and Astrogliosis in
the Striatum
As α-Syn-induced neuroinflammation is crucial to consequent
neuronal death, we further investigated whether caffeine
prevented synucleinopathy by microglial activation and
astrogliosis during neuroinflammation. We examined both
ionized calcium binding adaptor molecule-1 (IBA1)-positive
microglial activation and glial fibrillary acidic protein (GFPA)-
positive reactive astrogliosis after the intra-striatal injection of
A53T α-Syn fibrils. As shown in Figures 3A,C, A53T α-Syn
fibrils triggered marked microglial activation with IBA1-positive
cells and astrogliosis with GFAP immunoreactivity in the
striatum. Quantitative analysis of the mean optical density of
IBA-1 and GFAP immunoreactivity showed that IBA1-positive
and GFAP-positive cells increased by 4.16- and 7.2-folds in
comparison with the PBS control, respectively (Figures 3B,D,
n = 4/group, ∗∗p = 0.0029, ∗∗∗∗p < 0.0001). Importantly,
chronic caffeine treatment largely reverted the α-Syn-induced
microglial activation and reactive astrogliosis (compared to the
water-treated, A53T α-Syn fibrils-injected mice), respectively
(Figures 3B,D, n = 4/group, ∗∗p = 0.0042, ∗∗p = 0.0095). Thus,
caffeine may confer neuroprotection against synucleinopathy

by modulating neuroinflammation (microglial and astrocytic
activation) in the striatum.

Chronic Caffeine Treatment Does Not
Affect Ups Activity but Selectively
Reverses the Defects in Macroautophagy
and CMA Induced by A53T α-Syn Fibrils in
the Striatum
Removal of protein aggregates such as misfolded mutant A53T
α-Syn fibrils can occur via the autophagy-lysosomal pathway
and ubiquitin proteasome system (UPS). To explore this possible
involvement of UPS in α-Syn fibrils model of PD we examined
the effect of caffeine on the level of PSMC3 and proteasome
20S beta 6 protein, as indicator of UPS activity because both
are mainly degraded by UPS system. We found that neither
α-Syn nor caffeine treatment affect the levels of PSMC3 and
proteasome 20S β6 protein in the striatum, indicating the lack
of UPS system in our experiment model (see Supplementary
Figure 1). Considering this preliminary analysis coupled with
previous findings of activation of UPS by A2AR agonists (Chiang
et al., 2009) (not antagonist such as caffeine) and preferentially
clearance of aggregated α-Syn by autophagy (Webb et al., 2003),
we have mainly focused on the analysis of autophagy pathway in
our study.

The autophagy-lysosomal pathway is prominently mediated
by macroautophagy and chaperone-mediated autophagy
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FIGURE 2 | Chronic caffeine treatment attenuates A53T α-Syn-induced cellular apoptosis in the striatum. C57B/L6 mice were bilaterally injected with PBS or A53T

α-Syn fibrils into the striatum and treated with caffeine or water. Mice striatum were analyzed for apoptosis 4 months after the injection and treatment. (A) Electronic

microscope analysis of cellular apoptosis. The thin arrows indicate A53T α-Syn fibrils-induced fuzzy boundary of the nuclear membrane; thick arrows point to

accumulation of lipofuscin; arrowheads point to the cristae fractured of swelling mitochondria. (B) The TUNEL-positive apoptotic cells (green) were detected in the

striatal sections of the mice injected with PBS or A53T α-Syn fibrils and treated with water or caffeine. Cellular nuclei were stained with DAPI (blue). (C) Quantitative

analysis of TUNEL-positive cells per section of each group (n = 4/group, ***p = 0.0001, **p = 0.0036). Scale bar: 100µm.

(CMA). Macroautophagy involves the formation, elongation
and nucleation of autophagosomes with double-membrane
organelles to sequester the substrate before fusion with
lysosomes. We exploited the immunohistochemical andWestern
blot analyses of LC3 (microtubule-associated protein 1 light chain
3) aggregates (Figures 4A,B) was used to detect the generation
of autophagosomes, with the LC3 antibody recognizing two
LC3 proteins (distinguished by Western blot analysis): cytosol-
associated LC3-I and the autophagosome membranes-associated
LC3-II. LC3-immunoreactivity with puncta morphology was
detected in the striatal cell bodies. Notably, injection of A53T
α-Syn fibrils markedly reduced LC3-immunoreactivity in the
striatum (Figure 4A). Chronic caffeine treatment not only
completely reversed these defects in LC3-immunoreactivity, but
apparently increased LC3-immunoreactivity above the normal
level compared to the control (PBS-water) group (Figure 4A).
Western blot analysis confirmed the immunohistochemistry
results by quantitatively showing the reduction of LC3-II in
A53T α-Syn-treated striatum (Figure 4B, n = 5/group, ∗p =

0.0497). Chronic caffeine treatment reversed α-Syn-induced
decrease in LC3-II level compared to the A53T α-Syn-water
treatment group (Figure 4B, n = 5/group, ∗p = 0.0121).
However, analysis of LC3-II/LC3-I ratio only showed a similar
trend of reduced LC3-II/LC3-I ratio by a-Syn and reversal of

this reduction by caffeine. Furthermore, qPCR analysis validated
this finding by showing that A53T α-Syn injection reduced the
lc3 mRNA level in the striatum (Figure 4C, n = 5/group, ∗∗p =

0.003). Chronic caffeine treatment did not exert any effect on
normal striatum, but reversed α-Syn-induced decrease in the
lc3 mRNA (Figure 4D, n = 5/group, ∗∗∗p = 0.0001), suggesting
that caffeine modulated LC3-mediated macroautophagy at least
partially by a transcription mechanism.

To further study the dynamic process of autophagy, we
examined the levels of macroautophagy-related protein Beclin1
(a marker for the initiation of macroautophagic flux), and the
receptor protein sequestome 1 (SQSTM1/p62; a protein involved
in delivery of ubiquitinated cargo to autophagosomes).We found
that the protein and mRNA levels of Beclin1 were not affected by
either A53T α-Syn or caffeine treatment as revealed by Western
blot and qPCR analyses (Figures 4D,E, n = 5/group, p > 0.05).
Injection of the α-Syn fibrials into the striatum increased the
immunoreactivity and the level of SQSTM1 protein compared
to the control (PBS-treated) group (Figure 5A, n = 4/group,
∗p = 0.0378), whereas chronic caffeine treatment decreased the
SQSTM1 protein levels as detected by immunofluorescence and
Western blot analyses (Figure 5A, n = 4/group, ∗p = 0.0027,
Figure 5B, n = 5/group, ∗p = 0.0498). The expression patterns
of sqstm1 were not altered (Figure 5C, n= 5/group, p > 0.05).

Frontiers in Neuroscience | www.frontiersin.org 6 May 2018 | Volume 12 | Article 301

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Luan et al. Caffeine Protects Against α-Syn Pathology

FIGURE 3 | Chronic caffeine treatment attenuates A53T α-Syn-induced microglial activation and astrogliosis in the striatum. C57B/L6 mice were bilaterally injected

with PBS or A53T α-Syn fibrils into the striatum and treated with caffeine or water for 4 months. Mice striatum were analyzed for IBA1-positive microglial activation and

GFPA-positive reactive astrogliosis 4 months after surgery and treatment. (A,C) A53T α-Syn fibrils triggered marked microglial activation with IBA1-positive cells (red)

and astrogliosis with GFAP immunoreactivity (red) in the striatum. (B,D) Quantitative analysis of the mean optical density of IBA-1 and GFAP immunoreactivity.

IBA1-positive and GFAP-positive cells in group injected with A53T α-Syn fibrils increased by 4.16 and 7.2-folds, respectively, comparing to PBS control (n = 4/group,

**p = 0.0029, ****p < 0.0001). Chronic caffeine treatment significantly reduced the α-Syn-induced microglial activation and reactive astrogliosis (n = 4/group, **p =

0.0042, **p = 0.0095). Scale bar: 100µm.

Chronic Caffeine Treatment Selectively
Reverses the Defects in CMA Induced by
A53T α-Syn Fibrils in the Striatum
We also examined the effect of chronic caffeine treatment
on CMA, in which chaperone-complex involving the heat-
shock cognate recognizes soluble cytosolic proteins containing
a KFERQ-related targeting motif since A53T, A30P α-Syn, and
dopamine-modified α-Syn have been shown to blocks CMA
and contribute to dopaminergic vulnerability in PD (Xilouri
et al., 2016). Western blot and qPCR analysis showed that the
Hsc70 protein and hsc70 mRNA levels in the striatum were not
affected by A53T α-Syn injection or chronic caffeine treatment
or their co-treatment. However, A53T α-Syn injection reduced
the immunoreactivity of LAMP2A (Figure 6A, n = 4/group, ∗p
= 0.0073). Chronic caffeine treatment enhanced the LAMP2A
protein levels as detected by immunofluorescence (Figure 6A, n
= 4/group, ∗∗p = 0.0023) and Western blot analysis (Figure 6B,
n= 5/group, ∗p= 0.0313). Furthermore, qPCR analysis validated
the results by showing that A53T α-Syn injection reduced
the mRNA level for lamp2a in the striatum (Figure 6C, n =

5/group, ∗∗p = 0.0023) whereas chronic caffeine treatment did
not exert any effect on normal striatum, but reversed α-Syn-
induced decrease in the lamp2amRNA (Figure 6C, n= 5/group,

∗∗∗p= 0.0002). The protein and mRNA levels of Hsc70 were not
affected by either A53T α-Syn or caffeine treatment as revealed
by Western blot and qPCR analyses (Figures 6D,E, n= 5/group,
p > 0.05).

Collectively, these results suggest that A53T α-Syn fibrils
produce defects in macroautophagy and CMA. Chronic
caffeine treatment does not affect autophagy processes in
the normal striatum, but selectively reverse α-Syn-induced
defects in macroautophagy (by enhancing LC3-II and reducing
SQSTM1/p62) and CMA (by enhancing LAMP2A).

DISCUSSION

Caffeine Protects Against α-Syn-Induced
Neurotoxicity in A53T α-Syn Fibril Model of
PD
It is critically important to demonstrate that chronic
consumption of caffeine can prevent and counteract α-
Syn-induced pathology, since current understanding of PD
pathogenesis emphasize the central role of pathological forms of
α-Syn in PD pathogenesis. This view is based on three genetic
and biochemical findings: autosomal dominant mutations in
α-Syn in familiar PD, duplications/triplications of SNCA gene in
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FIGURE 4 | Chronic caffeine treatment reverses LC3 defect induced by A53T α-Syn fibrils C57B/L6 mice were bilaterally injected with PBS or A53T α-Syn fibrils into

the striatum and treated with caffeine or water. Mice striatum were analyzed for autophagy-related protein LC3 and beclin1 by Western blot and

immunohistochemistry 4 months after the injection and treatment. (A) Immunohistochemistry of LC3 in sections of striatum. Injection of A53T α-Syn fibrils markedly

reduced LC3-immunoreactivity in the striatum. Chronic caffeine treatment completely reversed these defects in LC3-immunoreactivity. Arrows indicate the positive

signals of LC3. (B,D) Western blot analysis of LC3 and Beclin1 from the striatal tissue lysates. Injection of A53T α-Syn fibrils reduced LC3II level compared to control

group (n = 5/group, *p = 0.0497). Chronic caffeine treatment reversed the reduction of LC3-II induced by A53T α-Syn fibrils (n = 5/group, *p = 0.0121). (C,E) QPCR

analysis of lc3 and beclin1. Injection of A53T α-Syn decreased the lc3 mRNA level (n = 5/group, **p = 0.003), chronic caffeine treatment reversed the reduction of lc3

mRNA level induced by A53T α-Syn fibrils (n = 5/group, ***p = 0.0001). The expression levels of beclin1 were not altered (n = 5/group, p > 0.05). Scale bar: 100µm.

some sporadic PD and α-Syn as the major component of Lewy
bodies and Lewy neurites (Lashuel et al., 2013). This study used
a α-Syn transmission model of PD by intra-striatal injection
of preformed mutant (A53T) α-Syn fibrils that produces
neuron loss and more importantly robust formation of α-Syn
inclusions, which resemble biochemical and morphological
features of Lewy bodies and Lewy neurites found in the PD brain
(Volpicelli-Daley et al., 2011; Luk et al., 2012a). Moreover, the
fibrils are taken up by neurons and induce normal endogenous
α-Syn to adopt an abnormal conformation such that it forms
inclusions and grows and propagates throughout the brain.
This is in contrast with α-Syn soluble oligomeric species that
are probably the most neurotoxic species, but they apparently
do not cause inclusion formation (Volpicelli-Daley et al., 2011,
2014). Furthermore, we employed a chronic caffeine treatment
paradigm via caffeine in drinking water (1 g/L) to achieve
plasma concentration (5.271 ± 2.457 mg/L) comparable to the
concentration achieved by regular human consumption (≈1–4
mg/L) (Fredholm et al., 1999). Using this α-Syn transmission
model of PD coupled with the chronic caffeine treatment
paradigm modeling human caffeine consumption, we provide
the direct evidence that caffeine protects against α-Syn-induced
pathological changes, including α-Syn aggregates (as evident by
p129-positive hyper-phosphorylated α-Syn), neuroinflammation
(as evident by microglial and astrocytic activation), and cellular
apoptosis (TUNEL-positive cells and ultra-structural changes
associated cell death) in the striatum.

This conclusion collaborates with three lines of previous
investigations in strong support of caffeine-based protection

against PD pathology: (i) In a yeast proteotoxicity model
with aggregation of recombinant α-Syn, caffeine can reduce
the toxicity of oligomers and aggregates, and increase cell
survival with concomitant reduction in intracellular oxidative
stress and decreased oxidative proteome damage (Kardani and
Roy, 2015). This was achieved presumably by caffeine directly
binding to α-Syn to alter the nature and confirmation of
mature α-Syn aggregates displaying amorphous as well as fibrillar
morphology (Kardani and Roy, 2015). (ii) As the A2AR is the
main pharmacological target of caffeine at the concentration
attainable by regular caffeine consumption, our finding also
collaborates with the transgenic studies that genetic knockout
or pharmacological blockade of the A2AR protect α-Syn-induced
dopaminergic neurotoxicity and related pathological changes in
cultured cells and intact animals (Kachroo and Schwarzschild,
2012; Hu et al., 2016; Ferreira et al., 2017a) and with the recent
finding that A2AR antagonists protect against a-Syn-induced
synaptic and cognitive deficits with normalized NMDAR2B and
PrPC levels in Thy1-a-Syn mice (Ferreira et al., 2017b). These
findings collectively provide the strong neurobiological basis for
the inverse relationship between coffee consumption and PD risk
and support caffeine treatment as a novel prophylactic strategy to
alleviate the PD pathology.

This demonstration constitutes a new option for the control
of PD pathogenesis by caffeine-mediated autophagy activity with
multiple benefits and several favorable features. First, caffeine
has unparalleled safety profiles as it is regularly and widely
consumed by >50% of the world’s adult population. Second,
preclinical studies have suggested multiple benefits of caffeine
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FIGURE 5 | Chronic caffeine treatment attenuates SQSTM1 induction by A53T α-Syn fibrils. C57B/L6 mice were bilaterally injected with PBS or A53T α-Syn fibrils into

striatum and analyzed for SQSTM1 4 months after surgery and treatment. (A) Immunofluorescence staining of SQSTM1 (green) in sections of striatum. Injection of

A53T α-Syn fibrils markedly induced SQSTM1-immunoreactivity in the striatum, whereas chronic treatment with caffeine attenuated this induction (n = 4/group, *p =

0.0378, **p = 0.0027). Cellular nuclei were stained with DAPI (blue). (B) Western blot analysis of SQSTM1 from the striatal tissue lysates.Injection of A53T α-Syn fibrils

increased the level of SQSTM1 protein compared to control group (n = 5/group, *p = 0.0423), and chronic caffeine treatment attenuated the induction of SQSTM1 by

A53T α-Syn (n = 5/group, *p = 0.0498). (C) QPCR analyses of sqstm1. The expression patterns of sqstm1 were not altered (n = 5/group, p > 0.05). Scale bar:

100µm.

in PD, including motor enhancement, potential neuroprotective
effect and cognitive improvement in PD (Chen et al., 2013),
although the recent clinical trials have not produced evidence
in supporting for clinical use of caffeine in PD (Simon et al.,
2015; Postuma et al., 2017). Third, we can identify a more
homogenous patient population with sensitivity to caffeine
consumption by genetic screening of DNA polymorphisms
of genes associated with caffeine consumption, before trial
enrollment.

Importantly, the corruption of endogenous α-Syn into

abnormal conformations by injection of α-Syn fibrils is critical

for propagation of the α-Syn pathology. We have recently found
that genetic deletion of A2AR reduced the α-Syn inclusions

in both hippocampus and entorhinal cortex (Hu et al., 2016),

suggesting that A2AR inactivation may abolish the seeding and
possibly spreading effect of α-Syn fibrils. It would be important

to explore whether caffeine might halt the seeding and possibly
effect of α-Syn fibrils in future studies. Lastly, caffeine can also
protect against β-amyloid-induced pathology and prion-induced
pathology. Accordingly, chronic caffeine treatment reduces brain
Aβ levels and protects against certain synaptic plasticity deficits
(Alhaider et al., 2010; Costenla et al., 2010; Alzoubi et al., 2013)
and cognitive deficits in aged AD transgenic (APPsw, Swedish
mutation) mice (Arendash et al., 2006, 2009; Cao et al., 2009),
and protects the neuronal cells against prion protein PrP (106-
126)-induced cell death by inducing autophagy (Moon et al.,

2014). Thus, caffeine is emerging as a potential novel strategy for
preventing abnormal protein aggregation in neurodegenerative
disorders.

Caffeine Selectively Reverses
α-Syn-Induced Defects in Macroautophagy
and CMA
Misfolded mutant A53T α-Syn fibrils are removed mainly via the
autophagy-lysosomal pathway and ubiquitin proteasome system
(UPS). As the UPS function is also closely associated with PD
progress and A2ARs can directly bind to and modulate UPS
activity, caffeine’s protection against α-synucleinopathy might
be associated with modulation of UPS activity. However, A2AR
activation has been shown to activate UPS activity (Chiang
et al., 2009) and A2AR inactivation (by caffeine) likely impairs
the removal of α-Syn, making the UPS less likely the target
for caffeine-mediated neuroprotection. In agreement with this
notion, we found no effect of caffeine on the UPS activity (as
indicated by PSMC3 and proteasome 20S β6 protein levels) in
the striatum. Consistently, soluble forms of excessive α-Syn has
been shown to be efficiently degraded by the proteasome while
aggregated α-Syn, as in the A53T α-Syn fibrils model of PD, is
preferentially cleared by autophagy in cultured PC12 cells (Webb
et al., 2003).

Autophagy is the cellular defense mechanism involving
the lysosomal degradation of intracellular macromolecules
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FIGURE 6 | Chronic caffeine treatment reverts level of CMA related protein LAMP2A. C57B/L6 mice were bilaterally injected with PBS or A53T α-Syn fibrils into the

striatum and treated with caffeine or water for 4 months. Mice striatum were analyzed for LAMP2A 4 months after surgery and treatment. (A) Immunofluorescence

staining of LAMP2A (red) in sections of striatum. A53T α-Syn injection reduced the immunoreactivity of LAMP2A compared to PBS control (n = 4/group, **p =

0.0073). Chronic caffeine treatment reversed immunoreactivity of LAMP2A (n = 4/group, **p = 0.0023). Cellular nuclei were stained with DAPI (blue). Arrows indicate

the positive signals of LAMP2A. (B,D) Western Blot analysis of LAMP2A and Hsc70. A53T α-Syn injection apparently reduced the LAMP2A protein, whereas chronic

caffeine treatment enhanced the LAMP2A protein levels above the control level as detected by Western blot analysis (n = 5/group, *p = 0.0313). (C,E) QPCR analysis

of lamp2a mRNA in the striatum. A53T α-Syn injection reduced the lamp2a mRNA level (n = 5/group, **p = 0.0023), whilst chronic caffeine treatment reversed this

reduction (n = 5/group, ***p = 0.0002) but did not have any effect on normal striatum. The expression levels of hsc70 were not altered (n = 5/group, p > 0.05). Scale

bar: 100µm.

or organelles in physiological conditions of differentiation,
starvation and stress, such as the accumulation of abnormal
protein aggregates (Menzies et al., 2017). Converging evidence
from genetic, pathological and experimental studies suggests that
in addition to the activation of autophagy of abnormal protein
aggregates, these aggregates also impair autophagy pathway,
contributing to PD pathogenesis. Among three dynamic
pathways of autophagy, mutant α-Syn selectively impairs
macroautophagy (an evolutionally conserved and constitutively
active system that engulfs non-specifically cytosolic substrates
after deformation of the lysosomal membrane). Thus, α-
Syn aggregates impair overall macroautophagy by reducing
autophagosome clearance (Tanik et al., 2013). Indeed, we
detected marked defects in macroautophagy as evidenced by
reduced LC3-II level and increased SQSTM1 level in α-Syn
fibril-treated striatum, consistent with the previous studies
using culture cells (Tanik et al., 2013). Importantly, we
observed chronic caffeine treatment reverses these deficits by
increasing level of LC3-II and decreasing level of SQSTM1
level, with no effect on beclin mRNA/ protein level. Together,
these observations indicated that caffeine specifically modulates
generation of autophagosomes and degradation of substrate
in the whole autophagy processes, rather than influencing the
initiation of macroautophagic flux.

Furthermore, chaperone-mediated autophagy (CMA)
represents a highly specific process of autophagy that recognize a
KFERQ-related targeting motif of soluble cytosolic proteins for

degradation by a chaperone-complex involving the heat-shock
cognate protein of 70 kDa (Hsc70). α-Syn is a substrate for the
CMA, which recognizes a CMA-like recognition motif of α-Syn
and translocates α-Syn to lysosomes for degradation. Specifically,
phosphorylated α-Syn, A53T mutant (Cuervo et al., 2004),
and dopamine-modified forms of the WT protein (Martinez-
Vicente et al., 2008) lead to CMA dysfunction and may induce
compensatory macroautophagy. The α-Syn-induced dysfunction
of autophagy might be attributed to abnormally strong binding
of α-Syn to the lysosomal receptor LAMP2A to prevent their
own degradation. This led to defects in autophagosome axonal
transport and consequently impaired lysosomal fusion and
defect in lysosomal enzymatic activity. Notably, in contrast with
the previous studies (Cuervo et al., 2004; Xilouri et al., 2009), we
didn’t observe any changes in Hsc70 in α-Syn-treated striatum,
possibly due to the specific brain regions and temporal point we
examined. The lack of Hsc70 changes in α-Syn-treated striatum
may be due to the specific model of PD (intra-striatal injection
of α-Syn fibrils) and limited temporal point examined (4 months
after the treatment). However, we did observe the α-Syn-induced
decreasing in LAMP2A and chronic caffeine treatment reversed
this induction, indicating that caffeine may also modulate the
CMA to influence α-Syn-induced pathological change. Further
investigation into CMA in the various treatment time points and
different PD models are required to clarify this issue.

Collectively, our finding demonstrate that chronic caffeine
treatment selectively reverses the defects in macroautophagy and
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CMA induced by α-Syn by increasing LC3-II and LAMP2A
and decreasing SQSTM1. To the best of our knowledge, the
present study provides the first evidence that chronic caffeine
treatment protects against mutant α-Syn-mediated neurotoxicity
by re-establishing macroautophagy signals. This finding is in line
with the view that caffeine induces a starvation response with
induction of macroautophagy in yeasts (Winter et al., 2008; Saiki
et al., 2011) and induce autophagy in various mammalian cell
lines (Mathew et al., 2014; Hughes et al., 2017). In agreement
with this view, caffeine reduces intra-hepatic lipid content and
stimulates β-oxidation in hepatic cells with concomitant increase
of autophagy and lipid uptake in lysosomes by down-regulation
of mammalian target of rapamycin signaling (Sinha et al., 2014).
Caffeine can also increase autophagy by the calcium-dependent
activation of AMPK in skeletal muscle cells (Mathew et al.,
2014) and confers protection against prion peptide-induced
apoptosis in human SH-SY5Y cell line (Moon et al., 2014). The
demonstration of caffeine modulation of autophagy in both PD
models and liver diseases provide a common mechanism for
epidemiological finding that human coffee consumption (and
caffeine) is associated with reduced risk of developing PD and
chronic liver disorders (Higdon and Frei, 2006).

Notably, chronic caffeine treatment in our study apparently

did not affect autophagy in normal striatum, but selectively
reversed the α-Syn-induced defect in macroautophagy and CMA.

This suggests that chronic caffeine treatment may reestablish

macroautophagy activity and broadly target a variety of protein
aggregate with no-specific substrates in the brain. This selectivity

of caffeine action is not clear and may be due to lack of specific
effect of caffeine on hsc70. Furthermore, plasma concentrations
of caffeine in our chronically caffeine-treated mice were at
≈2µM range with preferential targeting at adenosine receptors.
Whether caffeine’s modulation of autophagy is mediated by
blocking adenosine receptors need to be tested in future
studies. However, caffeine can induce apoptosis through the

enhancement of autophagy and the increased levels of LC3-
II at concentrations >2.5mM, a concentration likely acting
at non-adenosine receptor targets such as phosphodiesterase
inhibition and GABA receptor inhibition (Saiki et al., 2011).
Thus, we speculate that caffeinemodulation of autophagy is likely
mediated by adenosine receptors as well as other pharmacological
targets.

AUTHOR CONTRIBUTIONS

J-FC, XR, WZ, YL: Conception and design; YL, ZZ, WZ, XR,
ZH, XC, and FL: Experimental operations; YL, ZZ, WZ, and XR:
Data collection; YL, XR, YG, J-FC: Analysis and interpretation; J-
FC, YL, XR, WZ: Writing the article; J-FC, YL, XR, WG: Critical
version of the article; J-FC: Overall responsibility.

FUNDING

This work was supported by the National Key Research and
Development Program of China (Grant No. 2016YFC1306600);
Zhejiang Provincial Natural Science Foundation (Grant No.

LY18H090012); Wenzhou Science and Technology Program
(Grant No. Y20160016).

ACKNOWLEDGMENTS

The authors thank Bin Xie and Zhouxi Fang for taking
experimental photographs and thank Sergii Vakal for helping
with English proof-reading.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2018.00301/full#supplementary-material

REFERENCES

Alhaider, I. A., Aleisa, A. M., Tran, T. T., Alzoubi, K. H., and Alkadhi, K.

A. (2010). Chronic caffeine treatment prevents sleep deprivation-induced

impairment of cognitive function and synaptic plasticity. Sleep 33, 437–444.

doi: 10.1093/sleep/33.4.437

Alzoubi, K. H., Srivareerat, M., Aleisa, A. M., and Alkadhi, K. A. (2013).

Chronic caffeine treatment prevents stress-induced LTP impairment: the

critical role of phosphorylated CaMKII and BDNF. J. Mol. Neurosci. 49, 11–20.

doi: 10.1007/s12031-012-9836-z

Arendash, G. W., Mori, T., Cao, C., Mamcarz, M., Runfeldt, M., Dickson, A., et al.

(2009). Caffeine reverses cognitive impairment and decreases brain amyloid-

beta levels in aged Alzheimer’s disease mice. J. Alzheimers Dis. 17, 661–680.

doi: 10.3233/JAD-2009-1087

Arendash, G. W., Schleif, W., Rezai-Zadeh, K., Jackson, E. K., Zacharia, L.

C., Cracchiolo, J. R., et al. (2006). Caffeine protects Alzheimer’s mice

against cognitive impairment and reduces brain beta-amyloid production.

Neuroscience 142, 941–952. doi: 10.1016/j.neuroscience.2006.07.021

Ascherio, A., Zhang, S. M., Hernán, M. A., Kawachi, I., Colditz, G. A., Speizer, F. E.,

et al. (2001). Prospective study of caffeine consumption and risk of Parkinson’s

disease in men and women. Ann. Neurol. 50, 56–63. doi: 10.1002/ana.1052

Brundin, P., and Melki, R. (2017). Prying into the prion hypothesis for

Parkinson’s disease. J. Neurosci. 37, 9808–9818. doi: 10.1523/JNEUROSCI.

1788-16.2017

Cao, C., Cirrito, J. R., Lin, X., Wang, L., Verges, D. K., Dickson, A.,

et al. (2009). Caffeine suppresses amyloid-beta levels in plasma and brain

of Alzheimer’s disease transgenic mice. J. Alzheimers Dis. 17, 681–697.

doi: 10.3233/JAD-2009-1071

Chen, G. Q., Chen, Y. Y., Wang, X. S., Wu, S. Z., Yang, H. M., Xu, H. Q., et al.

(2010). Chronic caffeine treatment attenuates experimental autoimmune

encephalomyelitis induced by guinea pig spinal cord homogenates

in Wistar rats. Brain Res. 1309, 116–125. doi: 10.1016/j.brainres.2009.

10.054

Chen, J. F. (2014). Adenosine receptor control of cognition in normal and disease.

Int. Rev. Neurobiol. 119, 257–307. doi: 10.1016/B978-0-12-801022-8.00012-X

Chen, J. F., Eltzschig, H. K., and Fredholm, B. B. (2013). Adenosine receptors as

drug targets - what are the challenges? Nat. Rev. Drug Discovery 12, 265–286.

doi: 10.1038/nrd3955

Chen, J. F., Xu, K., Petzer, J. P., Staal, R., Xu, Y. H., Beilstein, M.,

et al. (2001). Neuroprotection by caffeine and A(2A) adenosine receptor

inactivation in a model of Parkinson’s disease. J. Neurosci. 21:RC143.

doi: 10.1523/JNEUROSCI.21-10-j0001.2001

Frontiers in Neuroscience | www.frontiersin.org 11 May 2018 | Volume 12 | Article 301

https://www.frontiersin.org/articles/10.3389/fnins.2018.00301/full#supplementary-material
https://doi.org/10.1093/sleep/33.4.437
https://doi.org/10.1007/s12031-012-9836-z
https://doi.org/10.3233/JAD-2009-1087
https://doi.org/10.1016/j.neuroscience.2006.07.021
https://doi.org/10.1002/ana.1052
https://doi.org/10.1523/JNEUROSCI.1788-16.2017
https://doi.org/10.3233/JAD-2009-1071
https://doi.org/10.1016/j.brainres.2009.10.054
https://doi.org/10.1016/B978-0-12-801022-8.00012-X
https://doi.org/10.1038/nrd3955
https://doi.org/10.1523/JNEUROSCI.21-10-j0001.2001
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Luan et al. Caffeine Protects Against α-Syn Pathology

Chiang, M. C., Chen, H. M., Lai, H. L., Chen, H. W., Chou, S. Y., Chen, C. M.,

et al. (2009). The A(2A) adenosine receptor rescues the urea cycle deficiency

of Huntington’s disease by enhancing the activity of the ubiquitin-proteasome

system. Hum. Mol. Genet. 18, 2929–2942. doi: 10.1093/hmg/ddp230

Costenla, A. R., Cunha, R. A., and de Mendonça, A. (2010). Caffeine, adenosine

receptors, and synaptic plasticity. J. Alzheimers Dis. 20(Suppl. 1), S25–S34.

doi: 10.3233/JAD-2010-091384

Cuervo, A. M., Stefanis, L., Fredenburg, R., Lansbury, P. T., and Sulzer, D.

(2004). Impaired degradation of mutant alpha-synuclein by chaperone-

mediated autophagy. Science 305, 1292–1295. doi: 10.1126/science.11

01738

Ebrahimi-Fakhari, D., Wahlster, L., and McLean, P. J. (2012). Protein degradation

pathways in Parkinson’s disease: curse or blessing. Acta Neuropathol. 124,

153–172. doi: 10.1007/s00401-012-1004-6

Ferreira, D. G., Batalha, V. L., Vicente Miranda, H., Coelho, J. E., Gomes,

R., Goncalves, F. Q., et al. (2017a). Adenosine A2A receptors modulate

α-synuclein aggregation and toxicity. Cereb. Cortex 27, 718–730.

doi: 10.1093/cercor/bhv268.

Ferreira, D. G., Temido-Ferreira, M., Miranda, H. V., Batalha, V. L., Coelho, J. E.,

Szego, E. M., et al. (2017b). α-synuclein interacts with PrPC to induce cognitive

impairment through mGluR5 and NMDAR2B. Nat. Neurosci. 20, 1569–1579.

doi: 10.1038/nn.4648

Fredholm, B. B., Bättig, K., Holmen, J., Nehlig, A., and Zvartau, E. E. (1999).

Actions of caffeine in the brain with special reference to factors that contribute

to its widespread use. Pharmacol. Rev. 51, 83–133.

Goedert, M. (2001). Alpha-synuclein and neurodegenerative diseases. Nat. Rev.

Neurosci. 2, 492–501. doi: 10.1038/35081564

Goedert, M., Masuda-Suzukake, M., and Falcon, B. (2017). Like prions: the

propagation of aggregated tau and α-synuclein in neurodegeneration. Brain

140, 266–278. doi: 10.1093/brain/aww230

Grosso, G., Godos, J., Galvano, F., and Giovannucci, E. L. (2017). Coffee, caffeine,

and health outcomes: an umbrella review. Annu. Rev. Nutr. 37, 131–156.

doi: 10.1146/annurev-nutr-071816-064941

Higdon, J. V., and Frei, B. (2006). Coffee and health: a review of

recent human research. Crit. Rev. Food Sci. Nutr. 46, 101–123.

doi: 10.1080/10408390500400009

Hu, Q., Ren, X., Liu, Y., Li, Z., Zhang, L., Chen, X., et al. (2016). Aberrant

adenosine A2A receptor signaling contributes to neurodegeneration and

cognitive impairments in a mouse model of synucleinopathy. Exp. Neurol. 283,

213–223. doi: 10.1016/j.expneurol.2016.05.040

Hughes, M. A., Downs, R. M., Webb, G. W., Crocker, C. L., Kinsey, S. T., and

Baumgarner, B. L. (2017). Acute high-caffeine exposure increases autophagic

flux and reduces protein synthesis in C2C12 skeletal myotubes. J. Muscle Res.

Cell Motil. 38, 201–214. doi: 10.1007/s10974-017-9473-9

Ikeda, K., Kurokawa, M., Aoyama, S., and Kuwana, Y. (2002). Neuroprotection by

adenosine A2A receptor blockade in experimental models of Parkinson’s

disease. J. Neurochem. 80, 262–270. doi: 10.1046/j.0022-3042.2001.

00694.x

Kachroo, A., and Schwarzschild, M. A. (2012). Adenosine A2A receptor gene

disruption protects in an α-synuclein model of Parkinson’s disease. Ann.

Neurol. 71, 278–282. doi: 10.1002/ana.22630

Kardani, J., and Roy, I. (2015). Understanding caffeine’s role in attenuating the

toxicity of α-synuclein aggregates: implications for risk of Parkinson’s disease.

ACS Chem. Neurosci. 6, 1613–1625. doi: 10.1021/acschemneuro.5b00158

Lashuel, H. A., Overk, C. R., Oueslati, A., and Masliah, E. (2013). The many

faces of α-synuclein: from structure and toxicity to therapeutic target. Nat. Rev.

Neurosci. 14, 38–48. doi: 10.1038/nrn3406

Li, W., Dai, S., An, J., Li, P., Chen, X., Xiong, R., et al. (2008). Chronic

but not acute treatment with caffeine attenuates traumatic brain injury

in the mouse cortical impact model. Neuroscience 151, 1198–1207.

doi: 10.1016/j.neuroscience.2007.11.020

Liu, Y. W., Yang, T., Zhao, L., Ni, Z., Yang, N., He, F., et al. (2016). Activation

of Adenosine 2A receptor inhibits neutrophil apoptosis in an autophagy-

dependent manner in mice with systemic inflammatory response syndrome.

Sci. Rep. 6:33614. doi: 10.1038/srep33614

Lopez-Diego, R. S., and Weiner, H. L. (2008). Novel therapeutic strategies for

multiple sclerosis–a multifaceted adversary. Nat. Rev. Drug Discov. 7, 909–925.

doi: 10.1038/nrd2358

Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J. Q.,

et al. (2012a). Pathological α-synuclein transmission initiates parkinson-

like neurodegeneration in nontransgenic mice. Science 338, 949–953.

doi: 10.1126/science.1227157

Luk, K. C., Kehm, V. M., Zhang, B., O’Brien, P., Trojanowski, J. Q., and Lee, V.

M. Y. (2012b). Intracerebral inoculation of pathological α-synuclein initiates a

rapidly progressive neurodegenerative α-synucleinopathy in mice. J. Exp. Med.

209, 975–986. doi: 10.1084/jem.20112457

Martinez-Vicente, M., Talloczy, Z., Kaushik, S., Massey, A. C., Mazzulli,

J., Mosharov, E. V., et al. (2008). Dopamine-modified α-synuclein

blocks chaperone-mediated autophagy. J. Clin. Invest. 118, 777–788.

doi: 10.1172/JCI32806

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Oikawa, T., Arai, T., Akiyama,

H., et al. (2013). Prion-like spreading of pathological α-synuclein in brain. Brain

136(Pt 4), 1128–1138. doi: 10.1093/brain/awt037

Mathew, T. S., Ferris, R. K., Downs, R. M., Kinsey, S. T., and Baumgarner, B.

L. (2014). Caffeine promotes autophagy in skeletal muscle cells by increasing

the calcium-dependent activation of AMP-activated protein kinase. Biochem.

Biophys. Res. Commun. 453, 411–418. doi: 10.1016/j.bbrc.2014.09.094

Mattson, M. P. (2004). Pathways towards and away from Alzheimer’s disease.

Nature 430, 631–639. doi: 10.1038/nature02621

Menzies, F. M., Fleming, A., Caricasole, A., Bento, C. F., Andrews, S. P.,

Ashkenazi, A., et al. (2017). Autophagy and neurodegeneration: pathogenic

mechanisms and therapeutic opportunities. Neuron 93, 1015–1034.

doi: 10.1016/j.neuron.2017.01.022

Mestre, T., Ferreira, J., Coelho, M. M., Rosa, M., and Sampaio,

C. (2009). Therapeutic interventions for disease progression in

Huntington’s disease. Cochrane Database Syst. Rev. CD006455.

doi: 10.1002/14651858.CD006455.pub2

Moon, J. H., Lee, J. H., Park, J. Y., Kim, S. W., Lee, Y. J., Kang, S. J.,

et al. (2014). Caffeine prevents human prion protein-mediated neurotoxicity

through the induction of autophagy. Int. J. Mol. Med. 34, 553–558.

doi: 10.3892/ijmm.2014.1814

Olanow, C. W. (2004). The scientific basis for the current

treatment of Parkinson’s disease. Annu. Rev. Med. 55, 41–60.

doi: 10.1146/annurev.med.55.091902.104422

Poehler, A.M., Xiang,W., Spitzer, P., May, V. E., Meixner, H., Rockenstein, E., et al.

(2014). Autophagy modulates SNCA/α-synuclein release, thereby generating a

hostile microenvironment. Autophagy 10, 2171–2192. doi: 10.4161/auto.36436

Postuma, R. B., Anang, J., Pelletier, A., Joseph, L., Moscovich, M., Grimes,

D., et al. (2017). Caffeine as symptomatic treatment for Parkinson

disease (Cafe-PD): a randomized trial. Neurology 89, 1795–1803.

doi: 10.1212/WNL.0000000000004568

Ross, G. W., Abbott, R. D., Petrovitch, H., Morens, D. M., Grandinetti, A., Tung,

K. H., et al. (2000). Association of coffee and caffeine intake with the risk of

Parkinson disease. JAMA 283, 2674–2679. doi: 10.1001/jama.283.20.2674

Sääksjärvi, K., Knekt, P., Rissanen, H., Laaksonen, M. A., Reunanen, A., and

Männistö, S. (2007). Prospective study of coffee consumption and risk of

Parkinson’s disease. Eur. J. Clin. Nutr. 62, 908–915. doi: 10.1038/sj.ejcn.1602788

Saiki, S., Sasazawa, Y., Imamichi, Y., Kawajiri, S., Fujimaki, T., Tanida, I.,

et al. (2011). Caffeine induces apoptosis by enhancement of autophagy

via PI3K/Akt/mTOR/p70S6K inhibition. Autophagy 7, 176–187.

doi: 10.4161/auto.7.2.14074

Shoulson, I. (1998). Experimental therapeutics of neurodegenerative disorders:

unmet needs. Science 282, 1072–1074. doi: 10.1126/science.282.5391.1072

Simon, D. K., Wu, C., Tilley, B. C., Wills, A. M., Aminoff, M. J.,

Bainbridge, J., et al. (2015). Caffeine and progression of Parkinson disease:

a deleterious interaction with creatine. Clin. Neuropharmacol. 38, 163–169.

doi: 10.1097/WNF.0000000000000102

Sinha, R. A., Farah, B. L., Singh, B. K., Siddique, M. M., Li, Y., Wu, Y., et al. (2014).

Caffeine stimulates hepatic lipid metabolism by the autophagy-lysosomal

pathway in mice. Hepatology 59, 1366–1380. doi: 10.1002/hep.26667

Tanik, S. A., Schultheiss, C. E., Volpicelli-Daley, L. A., Brunden, K. R.,

and Lee, V. M. Y. (2013). Lewy body-like α-synuclein aggregates resist

degradation and impair macroautophagy. J. Biol. Chem. 288, 15194–15210.

doi: 10.1074/jbc.M113.457408

Volpicelli-Daley, L. A., Gamble, K. L., Schultheiss, C. E., Riddle, D. M., West,

A. B., and Lee, V. M. Y. (2014). Formation of α-synuclein Lewy neurite-like

Frontiers in Neuroscience | www.frontiersin.org 12 May 2018 | Volume 12 | Article 301

https://doi.org/10.1093/hmg/ddp230
https://doi.org/10.3233/JAD-2010-091384
https://doi.org/10.1126/science.1101738
https://doi.org/10.1007/s00401-012-1004-6
https://doi.org/10.1093/cercor/bhv268.
https://doi.org/10.1038/nn.4648
https://doi.org/10.1038/35081564
https://doi.org/10.1093/brain/aww230
https://doi.org/10.1146/annurev-nutr-071816-064941
https://doi.org/10.1080/10408390500400009
https://doi.org/10.1016/j.expneurol.2016.05.040
https://doi.org/10.1007/s10974-017-9473-9
https://doi.org/10.1046/j.0022-3042.2001.00694.x
https://doi.org/10.1002/ana.22630
https://doi.org/10.1021/acschemneuro.5b00158
https://doi.org/10.1038/nrn3406
https://doi.org/10.1016/j.neuroscience.2007.11.020
https://doi.org/10.1038/srep33614
https://doi.org/10.1038/nrd2358
https://doi.org/10.1126/science.1227157
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1172/JCI32806
https://doi.org/10.1093/brain/awt037
https://doi.org/10.1016/j.bbrc.2014.09.094
https://doi.org/10.1038/nature02621
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.1002/14651858.CD006455.pub2
https://doi.org/10.3892/ijmm.2014.1814
https://doi.org/10.1146/annurev.med.55.091902.104422
https://doi.org/10.4161/auto.36436
https://doi.org/10.1212/WNL.0000000000004568
https://doi.org/10.1001/jama.283.20.2674
https://doi.org/10.1038/sj.ejcn.1602788
https://doi.org/10.4161/auto.7.2.14074
https://doi.org/10.1126/science.282.5391.1072
https://doi.org/10.1097/WNF.0000000000000102
https://doi.org/10.1002/hep.26667
https://doi.org/10.1074/jbc.M113.457408
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Luan et al. Caffeine Protects Against α-Syn Pathology

aggregates in axons impedes the transport of distinct endosomes.Mol. Biol. Cell

25, 4010–4023. doi: 10.1091/mbc.E14-02-0741

Volpicelli-Daley, L. A., Luk, K. C., Patel, T. P., Tanik, S. A., Riddle, D. M.,

Stieber, A., et al. (2011). Exogenous α-synuclein fibrils induce lewy body

pathology leading to synaptic dysfunction and neuron death.Neuron 72, 57–71.

doi: 10.1016/j.neuron.2011.08.033

Webb, J. L., Ravikumar, B., Atkins, J., Skepper, J. N., and Rubinsztein, D. C. (2003).

α-synuclein is degraded by both autophagy and the proteasome. J. Biol. Chem.

278, 25009–25013. doi: 10.1074/jbc.M300227200

Winter, G., Hazan, R., Bakalinsky, A. T., and Abeliovich, H. (2008). Caffeine

induces macroautophagy and confers a cytocidal effect on food spoilage yeast

in combination with benzoic acid. Autophagy 4, 28–36. doi: 10.4161/auto.

5127

Wong, Y. C., and Krainc, D. (2017). α-synuclein toxicity in neurodegeneration:

mechanism and therapeutic strategies. Nat. Med. 23, 1–13.

doi: 10.1038/nm.4269

Xilouri, M., Brekk, O. R., and Stefanis, L. (2016). Autophagy and alpha-synuclein:

relevance to Parkinson’s disease and related synucleopathies. Mov. Disord. 31,

178–192. doi: 10.1002/mds.26477

Xilouri, M., Vogiatzi, T., Vekrellis, K., Park, D., and Stefanis, L. (2009). Abberant α-

synuclein confers toxicity to neurons in part through inhibition of chaperone-

mediated autophagy. PLoS ONE 4:e5515. doi: 10.1371/journal.pone.0005515

Xu, K., Xu, Y. H., Chen, J. F., and Schwarzschild, M. A. (2002). Caffeine’s

neuroprotection against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity

shows no tolerance to chronic caffeine administration in mice. Neurosci. Lett.

322, 13–16. doi: 10.1016/S0304-3940(02)00069-1

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Luan, Ren, Zheng, Zeng, Guo, Hou, Guo, Chen, Li and Chen.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 13 May 2018 | Volume 12 | Article 301

https://doi.org/10.1091/mbc.E14-02-0741
https://doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1074/jbc.M300227200
https://doi.org/10.4161/auto.5127
https://doi.org/10.1038/nm.4269
https://doi.org/10.1002/mds.26477
https://doi.org/10.1371/journal.pone.0005515
https://doi.org/10.1016/S0304-3940(02)00069-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Chronic Caffeine Treatment Protects Against α-Synucleinopathy by Reestablishing Autophagy Activity in the Mouse Striatum
	Introduction
	Materials and Methods
	Animals
	Preparation and Analysis of Recombinant α-Syn Fibrils
	Intra-Striatal Injection of Preformed A53T α-Syn Fibrils
	Chronic Caffeine Treatment
	Immunohistochemical and Immunofluorescence Analyses
	TUNEL Staining for Detection of Cell Apoptosis
	Western Blot Analysis
	RNA Isolation and Quantitative PCR
	Statistical Analysis

	Results
	Chronic Caffeine Treatment Attenuates p129-Positive α-Syn Inclusions Induced by Intra-Striatal Injection of A53T α-Syn Fibrils
	Chronic Caffeine Treatment Attenuates A53T α-Syn-Induced Cellular Apoptosis in the Striatum
	Caffeine Attenuates A53T α-Syn-Induced Microglial Activation and Astrogliosis in the Striatum
	Chronic Caffeine Treatment Does Not Affect Ups Activity but Selectively Reverses the Defects in Macroautophagy and CMA Induced by A53T α-Syn Fibrils in the Striatum
	Chronic Caffeine Treatment Selectively Reverses the Defects in CMA Induced by A53T α-Syn Fibrils in the Striatum

	Discussion
	Caffeine Protects Against α-Syn-Induced Neurotoxicity in A53T α-Syn Fibril Model of PD
	Caffeine Selectively Reverses α-Syn-Induced Defects in Macroautophagy and CMA

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


