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Hyperphosphorylated α-synuclein in Lewy bodies and Lewy neu-
rites is a characteristic neuropathological feature of Parkinson’s
disease (PD) and Dementia with Lewy bodies (DLB). The catalytic
subunit of the specific phosphatase, protein phosphatase 2A (PP2A)
that dephosphorylates α-synuclein, is hypomethylated in these brains,
thereby impeding the assembly of the active trimeric holoenzyme and
reducing phosphatase activity. This phosphatase deficiency contrib-
utes to the accumulation of hyperphosphorylated α-synuclein, which
tends to fibrillize more than unmodified α-synuclein. Eicosanoyl-5-
hydroxytryptamide (EHT), a fatty acid derivative of serotonin found
in coffee, inhibits the PP2A methylesterase so as to maintain PP2A
in a highly active methylated state and mitigates the phenotype of
α-synuclein transgenic (SynTg) mice. Considering epidemiologic and
experimental evidence suggesting protective effects of caffeine in
PD, we sought, in the present study, to test whether there is synergy
between EHT and caffeine in models of α-synucleinopathy. Coadmin-
istration of these two compounds orally for 6 mo at doses that were
individually ineffective in SynTg mice and in a striatal α-synuclein
preformed fibril inoculation model resulted in reduced accumula-
tion of phosphorylated α-synuclein, preserved neuronal integrity and
function, diminished neuroinflammation, and improved behav-
ioral performance. These indices were associated with increased
levels of methylated PP2A in brain tissue. A similar profile of
greater PP2A methylation and cytoprotection was found in SH-
SY5Y cells cotreated with EHT and caffeine, but not with each
compound alone. These findings suggest that these two compo-
nents of coffee have synergistic effects in protecting the brain
against α-synuclein−mediated toxicity through maintenance of
PP2A in an active state.
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Parkinson’s disease (PD) and Dementia with Lewy bodies
(DLB) are characterized by intraneuronal aggregates of

α-synuclein in Lewy bodies and Lewy neurites (1). This normally
soluble intrinsically disordered protein misfolds and forms am-
yloid fibrils in neuropathological hallmark inclusions. The initial
oligomerization and eventual fibrillization are believed to be
critical steps leading to neuronal dysfunction and death (2).
Aggregates of α-synuclein can also propagate across neurons to
synaptically connected brain regions (3), a phenomenon that ex-
plains the progressive nature of these disorders, their prodromal
phase, and the emergence of additional clinical manifestations over
time (4). Postmortem brain studies also show that α-synuclein in
these aggregates is characteristically hyperphosphorylated at
serine 129, and antibodies directed at phospho-Ser129-α-synu-
clein (p-α-Syn) are commonly used to detect these inclusions (5–
7). Hyperphosphorylated α-synuclein is also a consistent feature
of aggregates in transgenic rodent andDrosophilamodels expressing
human α-synuclein (8–12) as well as aggregates deposited in remote

brain regions following intracerebral inoculation of α-synuclein pre-
formed fibrils (α-Syn PFF) (3). Additionally, α-synuclein phosphory-
lation at serine 129 accelerates its oligomerization and fibrillization in
vitro (5). Accordingly, this posttranslational modification is of both
pathogenetic and therapeutic interest in α-synucleinopathies.
While α-synuclein can be phosphorylated at serine 129 by

multiple kinases (13–15), its dephosphorylation is carried out by a
specific isoform of protein phosphatase 2A (PP2A) (8). This
heterotrimeric holoenzyme is the primary serine/threonine phos-
phatase in the brain and consists of a structural A subunit, a
catalytic C subunit, and one of multiple regulatory B subunits
that determine substrate specificity (16–18). The isoform that
dephosphorylates α-synuclein contains the B55α subunit, and its
assembly and activity are highly regulated by reversible carboxyl
methylation of Leu309 in the catalytic C subunit (8, 16–18).
PP2A carboxyl methylation is regulated by the opposing activities
of a PP2A-specific leucine carboxyl methyltransferase (LCMT-1)
and a PP2A-specific methylesterase (PME-1) (19–21). Interestingly,
the levels of these methylation-regulating enzymes are perturbed in
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PD and DLB brains, with down-regulation of LCMT-1 and up-
regulation of PME-1. This profile is associated with reduced rela-
tive levels of methylated PP2A (methyl-PP2A), which is the enzy-
matically more active form of the phosphatase (22). Furthermore,
treating α-synuclein transgenic mice (SynTg) with eicosanoyl-5-
hydroxytryptamide (EHT), an inhibitor of the PME-1 methylesterase
activity, increases both brain PP2A methylation and phosphatase
activity, reduces the accumulation of phosphorylated α-synuclein
aggregates, improves neuronal integrity, represses the neuro-
inflammatory response to the transgene, and preserves behav-
ioral phenotype (8, 23).
It is of interest to note that we identified EHT initially in a series

of extractions and purifications as a component of coffee with PME-
1 methylesterase inhibitory activity in vitro (8). Subsequent studies
showed that EHT also exhibits antioxidant and antiinflammatory
activities (23). Structurally, EHT is unrelated to caffeine (CAF). It is
a serotonin derivative wherein the C20 saturated fatty acid, eico-
sanoic acid, is linked to the serotonin amino group. Considering the
epidemiological data linking coffee consumption with reduced risk
of developing PD (24–27), the identification and characterization of
the properties of EHT provide a mechanistic insight into the ben-
eficial effects of this widely consumed beverage. Prior studies about
the protective potential of coffee in PD have focused largely on
CAF, because epidemiological data are consistent with CAF as a
major source of neuroprotective activity (25, 27). In addition, CAF
has been shown to protect mice against the dopaminergic neuro-
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and
this effect has been attributed to CAF acting as an adenosine A2A
receptor antagonist (28). A recent study also reported protection
against mutant α-synuclein fibril injections in the striatum (29).
However, among patients with early PD, the amount of CAF
consumption does not impact the rate of progression of the dis-
ease (30), and decaffeinated coffee has been found to be pro-
tective in Drosophila models of PD (31), raising some question
about the protective effect of only CAF among the numerous
other compounds in coffee.
The present study was carried out to test the potential synergy

between EHT and CAF in protecting against α-synuclein−mediated
pathology in two mouse models, transgenic mice expressing human
α-synuclein panneuronally driven by the Thy1 promoter (SynTg)
(32), and unilateral α-Syn PFF inoculation of the striatum (3). The
potential synergy between these coffee components was also tested
in cultured cells.

Results
Cotreatment with EHT and CAF Prevents the Behavioral Deficits of
SynTg Mice. To test for a synergistic effect of EHT and CAF on
α-synuclein−mediated pathology, we chose a relatively small

dose of EHT in this study (12 mg/kg/d in chow). This is the smaller
of the two doses we used previously in SynTg mice that resulted in
partial amelioration of molecular, histochemical, and behavioral
benefits after 9 mo of treatment (8). For CAF, a dose of 50 mg/kg/d in
drinking water was selected based on extrapolations from the use of
CAF in the MPTP model (28, 33) and our preliminary studies. This
dose is about one-third of the dose that showed a protective effect in
mice injected in the striatum with A53T mutant α-synuclein fibrils
(29). In the present study, SynTg mice were treated with CAF and/or
EHT starting upon weaning until 6 mo of age and were tested using
four behavioral assessments that reflect the functions of different
brain regions. Motor performance was evaluated on the rotarod and
the Wire Hang test, which are controlled by the nigrostriatal pathway
(Fig. 1 A and B) (34, 35); nesting behavior also reflects nigrostriatal
function (Fig. 1C) (36); the Morris Water Maze test, which mea-
sures spatial learning and memory, reflects hippocampal function
(Fig. 1D) (37).
As expected, the performance of SynTg mice was impaired on

all four behavioral tests compared with wild-type (WT) mice
(Fig. 1). CAF treatment alone in SynTg mice did not show any
improvement on any of the tests, compared with untreated SynTg

mice. EHT treatment alone in SynTg mice did not improve
performance on the rotarod, nesting behavior, or Morris Water
Maze, but did so only on the Wire Hang test, compared with
untreated SynTg mice (Fig. 1B). On the other hand, cotreatment
with both CAF and EHT improved behavioral performance of
SynTg mice compared with untreated SynTg mice and compared
with those treated with one compound on some of the tests (Fig.
1). These findings suggest that the combination of CAF and
EHT, at doses that are individually ineffective, prevents the
behavioral deficits of SynTg mice.

Cotreatment with EHT and CAF Reduces the Accumulation of
Phosphorylated α-Synuclein Burden and Protects Against the Neuronal
Damage and Neuroinflammation in SynTg Mice. To investigate the ef-
fect of the treatments on α-synuclein phosphorylation, immuno-
histochemical stains for p-α-Syn were carried out. As expected,
brains from SynTg mice had markedly increased p-α-Syn immuno-
reactivity in both the cerebral cortex and hippocampus compared
with WT mice (Fig. 2 A and B). CAF treatment alone had no
significant effect on the number of p-α-Syn immunoreactive cells
compared with untreated SynTg mice (Fig. 2 A and B), while EHT
treatment alone reduced p-α-Syn−positive cells in the hippocampus
(Fig. 2B) but not the cortex (Fig. 2A). On the other hand,
cotreatment with both EHT and CAF markedly reduced the
number of p-α-Syn immunoreactive cells in both brain regions
compared with untreated SynTg mice (Fig. 2 A and B). A similar
profile of changes in p-α-Syn levels was found using Western blot

A B C D

Fig. 1. EHT and CAF cotreatment prevents the behavioral deficits of SynTg mice. Behavioral performance of WT and SynTg mice (WT, n = 23; SynTg, n = 20;
SynTg+CAF, n = 16; SynTg+EHT, n = 14; SynTg+CAF+EHT, n = 21) were tested at 6 mo of age on the (A) rotarod, (B) Wire Hang, (C) nesting behavior, and (D)
Morris Water Maze. Data shown represent means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. EHT and CAF cotreatment reduces p-α-Syn burden and protects against the neuronal damage and neuroinflammation in SynTg mice. (A and B)
Representative images and quantification of immunohistochemical staining of p-α-Syn in the (A) cortex and (B) hippocampus. (C) Western blot analysis for p-
α-Syn and β-actin with cortical brain tissue lysates from five groups and five animals per group. (D) Representative images and quantification of immuno-
fluorescence staining of MAP2 in the cortex. (E) Representative images and quantification of immunohistochemical staining of c-fos in the hippocampus. (F)
Representative images and quantification of immunohistochemical staining of Iba-1 in the striatum. (G) Representative images and quantification of im-
munohistochemical staining of GFAP in the cortex. (For all images, scale bar: 100 μm.) All bar graphs represent means ± SEM; n = 5 to 6 mice for immu-
nohistochemical and immunofluorescence stains. *P < 0.05; **P < 0.01; ***P < 0.001.
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analysis with cortical tissue lysates from five animals in each group
(Fig. 2C). Consistent with immunohistochemistry, Western blots
showed a sixfold increase in p-α-Syn levels in SynTg mice compared
with WTmice (Fig. 2C). CAF or EHT treatments separately had no
significant effect compared with untreated SynTg mice, whereas
cotreatment with both compounds reduced p-α-Syn levels down to
WT levels.
The integrity of neuronal structure and activity was assessed

next in the five groups of mice. As shown previously (8), SynTg

mice have substantial depletion of the cytoskeletal microtubule
associated protein 2, MAP2, in the cortex (Fig. 2D), suggestive of
reduced dendritic complexity (38). Administration of CAF or
EHT alone did not improve this profile, whereas cotreatment
with both compounds restored neuritic integrity. A similar pro-
file was observed for the immunoreactivity to the immediate
early gene product c-fos in the hippocampus, a marker used as a
surrogate of neuronal activity (39). Compared with WT mice,
SynTg mice showed a marked loss of c-fos expression (Fig. 2E).
Treatment of SynTg mice with either CAF or EHT failed to in-
crease c-fos immunoreactivity significantly, but the combination
preserved this marker to near WT levels (Fig. 2E). The latter
finding is consistent with the improved performance of SynTg

mice given both compounds on the Morris Water Maze test
(Fig. 1D).
Neuroinflammation is one of the neuropathological features

of PD (40) and models of α-synucleinopathy, including SynTg

mice (8). Consistent with previous observations, untreated SynTg

mice exhibited marked microglial activation (ionized calcium-
binding adapter molecule 1) in the striatum and astrocytic pro-
liferation (glial fibrillary acidic protein, GFAP) in the cortex that
were partially but insignificantly attenuated by CAF or EHT
treatment each given alone. However, the reduction of these
markers was significant with the combined administration of both
compounds (Fig. 2 F and G). These findings indicate that the
cotreatment has a synergistic effect in protecting neuronal integrity
and preventing the inflammatory response to the α-synuclein trans-
gene in these mice.

Cotreatment with EHT and CAF Improves the Behavioral Performance
of α-Syn PFF-Inoculated WT Mice. The effect of EHT and/or CAF
was also tested in a second model of α-synucleinopathy, in which
mouse α-Syn PFF injected in the dorsal striatum nucleate en-
dogenous α-synuclein and propagate to anatomically linked brain
regions, including nigral dopaminergic neurons (3). WTmice were
placed, upon weaning, on a diet containing 12 mg/kg/d of EHT (or
control diet), or given 50 mg/kg/d of CAF in drinking water (or
normal water), or the two combined. These are the same doses
used in SynTg mice described in Cotreatment with EHT and CAF

Prevents the Behavioral Deficits of SynTg Mice. Animals were then
injected at 2 mo of age with α-Syn PFF or PBS in the right striatum
to induce PD-like pathology. Six months later (at 8 mo of age),
behavioral tests were performed as described above. Untreated
mice inoculated with α-Syn PFF showed significantly impaired
performance in three behavioral tests (rotarod, Wire Hang, and
nesting behavior) that are related to nigrostriatal function (Fig. 3
A–C). CAF treatment alone in α-Syn PFF-injected mice did not
affect performance on any of the tests. EHT given alone improved
performance on the rotarod and Wire Hang test but not nest
building. On the other hand, the combination treatment improved
performance on all three tests that were impacted by α-Syn PFF
inoculation (Fig. 3 A–C). As noted previously with this model (3),
learning and memory task on the Morris Water Maze, a test of
hippocampal function, is not affected by α-Syn PFF inoculation
or the treatments (Fig. 3D). These findings suggest that the coad-
ministration of EHT and CAF protects against the behavioral
deficits in the α-Syn PFF model better than each treatment alone.

Cotreatment with EHT and CAF Prevents the Nucleation and Propagation
of p-α-Syn−Positive Aggregates, Mitigates Neuroinflammation, and
Protects Nigrostriatal Neurons in the α-Syn PFF Inoculation Model.
Following completion of behavioral assessments, mice were kil-
led and their brains examined for p-α-Syn immunoreactivity,
neuroinflammation, and the integrity of the nigrostriatal path-
way. As described before (3), p-α-Syn immunoreactivity was
found in the ipsilateral striatum and nigra as well as in the
contralateral striatum in α-Syn PFF-inoculated mice but not in
PBS-injected animals (Fig. 4 A–C). The p-α-Syn immunoreac-
tivity in both ipsilateral and contralateral striata was partially but
insignificantly reduced with each of CAF or EHT treatment
given separately compared with untreated α-Syn PFF-inoculated
mice, but the reduction with the combination treatment was sig-
nificant (Fig. 4 A and B). Aggregates in the contralateral striatum
were less abundant in cotreated animals compared with inoculated
mice treated with each compound separately. In the ipsilateral
nigra, p-α-Syn immunoreactivity was less abundant in all three
treatment groups, but this effect was more pronounced in mice
treated with both compounds (Fig. 4C). These findings suggest
a synergistic effect of EHT and CAF in preventing the seeding
and propagation of α-Syn PFF-induced pathologic aggregates.
α-Syn PFF inoculation induced microglial activation in the

ipsilateral and contralateral striata (Fig. 4 D and E) as described
previously (41, 42). The optical density of the Iba-1 signal in the
ipsilateral striatum was about twofold higher than that in the
contralateral side. Compared with the untreated α-Syn PFF-
inoculated group, the prevention of microglial activation was
significant in both striata only in mice cotreated with EHT and

0

10

20

30

Morris Water Maze

T
a
rg

e
t 
q
u
a
d
ra

n
t 
o
c
c
u
p
a
n
c
y

(s
e

c)

0

2

4

Nesting Behavior

N
e
st

in
g

sc
o
re

0

40

80

120

160

Wire Hanging

L
a

te
n

cy
 t
o

 f
a

ll 
(s

e
c)

0

40

80

120

Rotarod

L
a
te

n
cy

 t
o
 f
a
ll 

(s
e
c)

***
***

*

***
***

*

PBS PFF PFF
+CAF

PFF
+EHT

PFF
+CAF +EHT

PBS PFF PFF
+ CAF

PFF
+ EHT

PFF
+CAF +EHT

***
***

**

***
***

***

*

PBS PFF PFF
+ CAF

PFF
+ EHT

PFF
+CAF +EHT

* *
*

PBS PFF PFF
+ CAF

PFF
+ EHT

PFF
+CAF +EHT

A B C D

Fig. 3. EHT and CAF cotreatment improves the behavioral performance of α-Syn PFF-inoculated WT mice. Behavioral performance of PBS- and α-Syn PFF-
inoculated mice (PBS, n = 14; PFF, n = 14; PFF+CAF, n = 19; PFF+EHT, n = 14; PFF+CAF+EHT, n = 15) was tested 6 mo postinoculation, at 8 mo of age on the (A)
rotarod, (B) Wire Hang, (C) nesting behavior, and (D) Morris Water Maze. Bar graphs represent means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

E12056 | www.pnas.org/cgi/doi/10.1073/pnas.1813365115 Yan et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
30

, 2
02

1 

https://www.pnas.org/cgi/doi/10.1073/pnas.1813365115


www.manaraa.com

0

1

2

3

4

5

T
H

 In
te

ns
ity

 (
O

D
)

Contralateral Striatum 

0

1

2

3

4

5

TH
 In

te
ns

ity
 (

O
D

) Ipsilateral Striatum

0

20

40

p
-S

yn
 a

gg
re

ga
te

s

0

2

4

6

D
A

 c
on

te
nt

 (n
g /

m
g 

ti s
s u

e)

0

2

4

6

8

Ip
si

la
te

ra
l I

ba
- 1

 O
D

0

1

2

3

4

C
on

tr
al

at
er

al
 Ib

a-
1

 O
D

0

20

40

60

80

C
on

tra
la

te
ra

l
p-

Sy
n 

ag
gr

eg
at

es

0

100

200

300

laretalispI
p-

S
yn

 a
gg

re
ga

te
sPBS PFF PFF + CAF PFF + CAF + EHTPFF + EHT

Ib
a
-1

Ipsilateral SNc

Ipsilateral STR

PBS PFF PFF + CAF PFF + CAF + EHTPFF + EHT

Ipsilateral STR

T
H

T
H SNc

STR

A

B

C

F

G

H I

** **

*** ******

*** ***

* ** *
** *

*
*

Contralateral STR ***
******

***
* **

D

E
Contralateral STR ** *

p
-α

-S
y
n

p
-α

-S
y
n

p
-α

-S
y
n

Ib
a
-1

J* ** *

0

200

400

600

800

T
H

+ n
eu

ro
n 

co
un

t s

***
** ** **K

PBS F+EF+CF F+C+E

PBS F+EF+CF F+C+E

PBS F+EF+CF F+C+E

PBS F+EF+CF F+C+E

PBS F+EF+CF F+C+E

PBS F+EF+CF F+C+E

PBS F+EF+CF F+C+E PBS F+EF+CF F+C+E PBS F+EF+CF F+C+E

Fig. 4. EHT and CAF cotreatment prevents the formation of p-α-Syn−positive aggregates, mitigates neuroinflammation, and protects nigrostriatal neurons
in the α-Syn PFF inoculation model. (A and B) Representative images and quantification of immunohistochemical staining of p-α-Syn in the (A) ipsilateral
striatum and (B) contralateral striatum. (C) Representative images and quantification of immunohistochemical staining of p-α-Syn in the ipsilateral substantia
nigra pars compacta (SNc). In A−C, n = 4 to 6 per group. (D and E) Representative images and quantification of immunohistochemical staining of Iba-1 in the
(D) ipsilateral and (E) contralateral striatum. In D and E, n = 5 per group. (Scale bar: 100 μm for A–E.) (F) Representative images of immunohistochemical
staining of TH in the striatum. (G) Representative images of immunohistochemical staining of TH in the SNc. (H and I) Quantification of (H) ipsilateral and (I)
contralateral striatal TH staining; n = 5 per group. (J) DA content in the ipsilateral striatum analyzed by HPLC-MS; n = 5 to 6 per group. (K) Nigral TH-positive
neuron count; n = 4 to 5 per group. All bar graphs represent means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. C, CAF; E, EHT; F, PFF.
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Fig. 5. EHT and CAF exert their synergistic neuroprotective effects through regulating PP2A activity. (A) Western blots and (B−D) densitometric analysis for
the indicated proteins with striatal tissue lysates from SynTg mouse brains. Bar graphs show (B) methyl-PP2A and (C) demethyl-PP2A levels that are normalized
to total PP2A, and (D) the ratio of methylated PP2A over demethyl-PP2A. (E) Western blot and (F−H) densitometric analysis of ipsilateral striatal tissue lysates
from α-Syn PFF-inoculated mice probed for the indicated proteins. Bar graphs show (F) methyl-PP2A and (G) demethyl-PP2A levels that are normalized to total
PP2A, and (H) the ratio of methyl-PP2A over demethyl-PP2A. For all images, n = 5 per group. All bar graphs represent means ± SEM. *P < 0.05; **P < 0.01;
***P < 0.001.
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CAF, whereas each compound administered separately had only
a partial effect that was statistically insignificant.
Assessment of the integrity of the nigrostriatal pathway revealed

a similar profile (Fig. 4 F–K). Tyrosine hydroxylase (TH) staining
of dopaminergic terminals in the striatum revealed bilateral de-
pletion in untreated α-Syn PFF-inoculated mice compared with
PBS-injected animals (Fig. 4 F, H, and I), consistent with previous
observations (43). CAF alone had no effect on the decline of this
marker, and EHT alone was associated with a nonsignificant in-
crease compared with untreated α-Syn PFF-inoculated mice. The
combination treatment, however, resulted in a significantly greater
preservation of TH-positive terminals compared with untreated
α-Syn PFF-inoculated mice.
Similarly, dopamine (DA) content in lysates of the ipsilateral

striatum, measured by HPLC−mass spectrometry (HPLC-MS),
was depleted by 36% in the α-Syn PFF-inoculated group com-
pared with the PBS-injected group (Fig. 4J). Cotreatment with
EHT and CAF preserved DA content by 32% compared with
untreated α-Syn PFF-inoculated mice, while treatment with each
compound alone did not have a significant benefit.
TH-positive dopaminergic neurons of the substantia nigra

showed a similar profile whereby α-Syn PFF inoculation reduced
the number of these neurons by 51% compared with PBS-injected
mice (Fig. 4G and K). EHT or CAF treatment individually did not
prevent this reduction. However, cotreatment with EHT and CAF
was associated with only 22% reduction compared with PBS-
injected mice, representing a 59% protection compared with un-
treated α-Syn PFF-inoculated group.

EHT and CAF Exert Their Synergistic Neuroprotective Effects Through
Regulating PP2A Activity.EHT was identified and purified because
of its ability to inhibit the activity of the PME-1, leading to en-
hanced methylation and activity of PP2A (8, 23). Considering the
synergy between CAF and EHT in the behavioral and neuro-
chemical profiles detailed above, we tested whether these two
compounds also synergize in modulating PP2A methylation. Ad-
ditionally, since PP2A is relatively demethylated in postmortem
brains of α-synucleinopathy cases, including PD and DLB (22), we
determined whether PP2A methylation changes also occur with
α-synuclein overexpression and α-Syn PFF challenge in mice.
The state of PP2A methylation in the brains of SynTg mice

without or with EHT and/or CAF treatment was assessed by
Western blot analysis. Methyl-PP2A levels were lower in un-
treated SynTg mice compared with WT mice and did not change
with either CAF or EHT administration given separately, but
increased with the combination treatment (Fig. 5 A and B).
Demethylated PP2A (demethyl-PP2A) tended to be higher in
SynTg mice compared with WT mice, and was not affected by any
of the treatments (Fig. 5 A and C). However, the ratio between
methyl- and demethyl-PP2A was markedly lower in SynTg mice
compared with WT mice and did not change by EHT or CAF
treatments alone, but was significantly maintained at WT levels
by coadministration of both compounds (Fig. 5D).
In striatal tissue lysates following α-Syn PFF inoculation,

methyl-PP2A levels as well as the methyl- to demethyl-PP2A
ratio were reduced compared with PBS-injected striata (Fig. 5
E–H). CAF and EHT treatment given separately to these mice
resulted in an insignificant increase in these measures compared
with untreated α-Syn PFF-inoculated mice, but the effect of the
combination treatment was significant. Thus, this profile of
PP2A methylation changes is consistent with that seen in SynTg

mice given these treatments (Fig. 5 A–D).

Combination of EHT and CAF Has Synergistic Effects in Up-Regulating
PP2A Methylation and Attenuating Cytotoxicity Induced by α-Syn PFF
in SH-SY5Y Cells. Next, we confirmed the above in vivo findings in
an analogous experiment with human neuroblastoma SH-SY5Y
cells (Fig. 6 A–E). Challenging these cells with mouse α-Syn PFF

reduced methyl-PP2A levels, with a reciprocal increase in demethyl-
PP2A levels (Fig. 6 C and D). Adding either CAF or EHT to the
medium partially reversed this trend, but the combination fully
corrected these PP2A methylation changes to levels seen in PBS-
treated cells. As a result, methyl- to demethyl-PP2A ratio, which
was markedly reduced by α-Syn PFF challenge, was completely
restored by EHT and CAF added together to the culture medium
but not individually (Fig. 6E). These alterations in PP2A methyl-
ation profile were associated with parallel changes in p-α-Syn levels
(Fig. 6B). Challenging cells with α-Syn PFF increased p-α-Syn lev-
els, CAF alone had no effect, and EHT alone reduced it partially,
but the combination of both compounds had a much bigger effect.
Furthermore, the cytotoxicity of α-Syn PFF, assessed by propidium
iodide (PI) exclusion, reflected a similar profile (Fig. 6F). The
number of PI-positive cells increased 2.5-fold with α-Syn PFF
challenge and was modestly protected by CAF and EHT added to
the culture medium separately, but the combination of both com-
pounds improved cell viability significantly compared with untreated
α-Syn PFF-challenged cells (Fig. 6F). These findings support the
hypothesis that EHT and CAF can act in synergy through en-
hancing steady-state levels of PP2A methylation, and hence phos-
phatase activity, associated with cytoprotection.

Discussion
The present findings demonstrate that subtherapeutic doses of
CAF and EHT, two unrelated compounds found in coffee, can
work in synergy to effect biochemical and molecular changes
in the mouse brain leading to protection in two models of
α-synucleinopathy. This is reflected in better behavioral perfor-
mance of both SynTg mice and α-Syn PFF-inoculated mice treated
chronically with a combination of these compounds for 6 mo, but
not if each is given separately. In addition to preserved neuronal
integrity and function, and dampened inflammatory response to
α-synuclein, PP2A methylation is modulated by this cotreatment
in a manner that favors enhanced phosphatase activity. This is
associated with reduced accumulation of p-α-Syn. Similar bio-
chemical changes occur in a cellular model challenged with α-Syn
PFF and treated with the combination leading to increased PP2A
methylation, reduced p-α-Syn levels, and cytoprotection.
These observations collectively suggest that CAF and EHT

may function through a common mechanism. We purified EHT
from coffee in an analytical assay set up to identify specifi-
cally compounds that inhibit the PP2A methylesterase PME-1
(8). EHT administered alone to SynTg mice for 9 mo also
modulated PP2A methylation in brain tissue lysates in a dose-
dependent manner in favor of the enzymatically active form and
reduced the accumulation of p-α-Syn. This was more evident at a
dose 10 times higher (120 mg/kg/d) than the dose used in the
present study (8). CAF, on the other hand, is an adenosine A2a
receptor antagonist, a property that is believed to mediate its
protective function in the MPTP model of DA neuron de-
generation (28). In addition, deleting the A2a receptor gene in
mice has been shown to protect against dopaminergic neuron
degeneration induced by human α-synuclein transgene contain-
ing two pathogenic mutations, A53T and A30P (44). Moreover,
CAF was recently reported to protect against A53T mutant
α-synuclein fibril injections in the striatum (29). By blocking A2a
receptor signaling, CAF may enhance PP2A methylation through
preventing cAMP-dependent protein kinase A/glycogen synthase
kinase 3β-mediated activation of PME-1 (45–47). The combined
effect of EHT and CAF is greater PP2A activity than either
compound could achieve alone. The latter could underlie the
synergy with EHT observed in the present study. Thus, these
results suggest that chronic consumption of coffee and, there-
fore, chronic coingestion of both EHT and CAF have added
benefits in α-synucleinopathy−prone brains. Additionally, the
increase in methyl-PP2A with these treatments associated with
neuroprotection, along with hypomethylation of PP2A in PD and
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DLB brains (22), suggests a pathogenetic significance of this
phosphatase in these disorders.
The protection in the α-Syn PFF model with CAF and EHT

coadministration provides some insight into the role of α-synuclein
phosphorylation in nucleation and propagation of pathologic ag-
gregates. This treatment was initiated upon weaning of WT mice,
and α-Syn PFF inoculation occurred 6 wk later. Thus, the reduced
phosphorylation level of α-synuclein in the brain appears to have
decreased the ability of exogenous fibrils to nucleate endogenous
α-synuclein at the site of striatal injection, leading to reduced
propagation of aggregates to the substantia nigra pars compacta
and the contralateral striatum. This may suggest that pharmaco-
logical interventions leading to reduced phosphorylation of
α-synuclein may retard nucleation and propagation of pathology
and slow down disease progression.
The present observations also have implications for the epide-

miological data linking coffee consumption with reduced risk of
PD (48–50) and attribution of this protection to CAF (24, 25).
However, coffee is a complex chemical mixture containing more

than a thousand different compounds (51). Thus, it is not unlikely
that other components of coffee play a beneficial role as well.
Factors that are not accounted for in epidemiological studies in-
clude the method of preparation of coffee. Different components
of coffee are present in the final consumed product, depending on
conditions of coffee growth and harvesting, methods of roasting
and brewing, whether the coffee is filtered or not, and what kind of
filter is used. EHT is a principal constituent of coffee wax that
coats the coffee bean (52). The levels of EHT and closely related
N-alkanoyl-5-hydoxytryptamides are appreciable in unfiltered
coffee, whereas some preparation methods remove lipids such as
EHT (53).
In addition to deficiencies in PP2Amethylation in α-synucleinopathies

(PD and DLB) (22), similar PP2A dysregulation is found in post-
mortem brains from patients with tauopathies such as Alzheimer’s
disease (AD) and Progressive Supranuclear Palsy (PSP) (54, 55).
Our present results, therefore, raise the possibility of similar syn-
ergy between EHT and CAF in both classes of chronic neurode-
generative diseases. Several epidemiologic studies have shown

A B

C D E

F

Fig. 6. Combination of EHT and CAF has synergistic effects in up-regulating PP2Amethylation and attenuating cytotoxicity induced by α-Syn PFF in SH-SY5Y cells.
(A–E) SH-SY5Y cells were incubated with PBS or mouse α-Syn PFF and treated with CAF and/or EHT for 7 d. Cell lysates were subjected to Western blot analysis for
the indicated proteins. The experiment was done in triplicates and repeated at least three times, yielding similar results. All lanes in the topWestern blot (methyl-
PP2A) were run on one gel. The vertical space between lanes 13 and 14 denotes where a size marker was loaded and was subsequently spliced out. (F) Rep-
resentative images of PI and DAPI staining of SH-SY5Y cells incubated with PBS or mouse α-Syn PFF and treated with CAF and/or EHT for 7 d. Five random fields
per well, and four independent wells per group, were counted for PI-positive cells. PI-positive cell numbers were normalized to DAPI count in the same field.
Experiments were repeated twice, yielding similar results. (Scale bar: 100 μm.) All bar graphs represent means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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that greater consumption of coffee or CAF is associated with
reduced risk of AD (56), and dietary supplementation with EHT is
efficacious in two rodent models of AD: mice exposed to oligomeric
beta-amyloid injections into the hippocampus (57) and rats injected
in the lateral ventricle with viral vector expressing the endogenous
PP2A inhibitor SET that exhibit tau hyperphosphorylation, ele-
vated levels of cytoplasmic amyloid-β protein, and cognitive im-
pairment (58). Additionally, in AβPPsw+PS1 transgenic mice,
administration of caffeinated coffee increased plasma levels of
cytokines, while neither CAF alone nor decaffeinated coffee had
this effect, raising the likelihood that CAF synergizes with another
component of coffee (59). Based on our present findings, we
submit that at least one of the synergizing components is EHT.
Coffee is not the only botanical extract that contains agents

that act to inhibit PME-1-mediated PP2A methylation. As we
begin to unravel the polypharmacology of the micronutrients in
commonly consumed botanical extracts such as coffee, it seems
likely that it will be possible to optimize their composition to
enhance efficacy so as to provide widely available, inexpensive,
and effective therapeutics for the prevention and treatment of
neurodegenerative diseases such as PD, DLB, PSP, and AD.

Materials and Methods
Detailed information on the experimental methods and materials used can
be found in SI Appendix. All animal procedures were approved by the

Rutgers Robert Wood Johnson Medical School Institutional Animal Care and
Use Committee. SynTg on BDF1 background overexpressing human WT
α-synuclein under the control of the Thy1 promoter were used as a model of
diffuse α-synucleinopathy to study the effects of EHT and CAF treatments.
The α-Syn PFF inoculation model was prepared using C57BL/6J mice (3). To
prepare α-Syn PFF, plasmid pT7-7 encoding mouse α-synuclein cDNA was
used to transform Escherichia coli BL21(DE3) strain (60, 61). EHT was syn-
thesized at Signum Biosciences. Striatal DA content was measured using
HPLC-MS. TH immunoreactive nigral neurons were counted using an auto-
mated, unbiased, context-intelligent neural network algorithm developed
by Fimmic Oy.
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