JBC Papers in Press. Published on December 18, 2018 as Manuscript RA118.004280
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.RA118.004280

Mori et al.

Combined treatment with the phenolics (-)-epigallocatechin-3-gallate and
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Abstract

‘Nutraceuticals’ are well-tolerated natural
dietary compounds with drug-like properties that
make them attractive as Alzheimer’s disease
(AD) therapeutics. ~Combination therapy for
AD has garnered attention following a recent
National Institute on Aging mandate, but this
approach has not yet been fully validated. In
this report, we combined the two most promising
nutraceuticals with  complementary  anti-
amyloidogenic properties: the plant-derived
phenolics (—)-epigallocatechin-3-gallate (EGCG,
an a-secretase activator) and ferulic acid (FA, a
B-secretase modulator). We used transgenic
mice expressing mutant human amyloid pB-
protein precursor and presenilin 1 (APP/PS1) to
model cerebral amyloidosis. At 12 months of
age, we orally administered EGCG and/or FA (30
mg/kg each) or vehicle once daily for 3 months.
At 15 months, combined EGCG-FA treatment

reversed cognitive impairment in most tests of
learning and memory, including novel object
recognition and maze tasks. Moreover, EGCG-
and FA-treated APP/PS1 mice exhibited
amelioration of brain parenchymal and cerebral
vascular [(-amyloid deposits and decreased
abundance of amyloid B-proteins compared with
either EGCG or FA single treatment. Combined
treatment elevated nonamyloidogenic soluble
APP-a and o-secretase candidate and down-
regulated amyloidogenic soluble APP-f, pB-
carboxyl-terminal APP fragment and -secretase
protein expression, providing evidence for a shift
toward nonamyloidogenic APP processing.
Additional beneficial co-treatment effects
included amelioration of neuroinflammation,
oxidative stress, and synaptotoxicity. Our
findings offer preclinical evidence that combined
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treatment with EGCG and FA is a promising AD
therapeutic approach.

Largely owed to significant increases in
lifespan, Alzheimer's disease (AD) has become a
worldwide public health concern. AD is a fatal
neurodegenerative illness that likely begins with
brain changes 20 years or more prior to clinical
symptoms. AD is characterized by progressive
decline in memory and other cognitive functions,
eventually leading to dementia and death.
Neuropathological hallmarks of AD include
extracellular senile plaques and intracellular
neurofibrillary  tangles, accompanied by
neuroinflammation, synaptic toxicity, and
neuronal loss (1). Amyloid B-protein (Ap)—a
peptide derived from amyloid p-protein
precursor (APP)—has garnered major interest as
a therapeutic target for AD. Two enzymes, the
B- and y-secretases, cleave APP into smaller
amyloidogenic peptides: ABs and APs, which
can form both oligomeric and multimeric
aggregates (2-5). Once cleaved from APP, AP
enters into systemic equilibrium between its
soluble and deposited forms (6). Conversely,
nonamyloidogenic a-secretase cleavage of APP
precludes AP formation and produces soluble
APP-a (sAPP-0) (3, 7). Because the
nonamyloidogenic pathway is the homeostatic
default, this results in constitutively low AP
levels.

Despite intense investigation, a synthetic drug
that is both safe and effective has not yet been
developed for AD. This inconvenient truth has
led to the consideration of alternate strategies,
including naturally occurring dietary compounds
with therapeutic potential (so-called
‘nutraceuticals’). Another important matter is a
recent mandate to develop combination therapy
for AD. Because nutraceuticals are generally
safe and well-tolerated, these agents are more
amenable to combination than designer drugs.
In this report, we explore combination therapy
with two promising nutraceuticals with
complementary anti-amyloidogenic properties:
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(—)-epigallocatechin-3-gallate (EGCG, an o-
secretase enhancer) (8, 9) and ferulic acid (FA, a
B-secretase modulator) (10).

EGCG is a polyphenol catechin; the ester of
epigallocatechin and gallic acid (11). EGCG is
found in high abundance in tea leaves including
green tea, and in carob flour (i.e. Ceratonia
siliqua) at lesser abundance. Trace amounts are
found in fruits (e.g. apple and cranberries) and
nuts (e.g. pecans and hazelnuts) (12). EGCG
has garnered attention as a medicinal agent to
improve cognition, reduce inflammation, and
even to treat cancer. Beneficial effects are often
attributed to anti-oxidant, metal chelating, anti-
inflammatory, anti-carcinogenic, and anti-
apoptotic  properties  (13). Substantial
quantities pass from the small to the large
intestine, where EGCG undergoes degradation
by gut flora and absorption. EGCG can be
reabsorbed from the intestine through
enterohepatic re-circulation (14, 15). It has
been shown that dietary EGCG crosses the
blood-brain barrier (16), and we were the first to
show that EGCG enhances APP cleavage to
sAPP-o. and reduces AP abundance both in

neuron-like cells and in Tg2576 mouse brains (8).

A disintegrin and metalloproteinase domain-
containing protein 10 (ADAMI10) activation is
mechanistically  responsible for EGCG
promotion of nonamyloidogenic a-secretase APP
cleavage (9).

Like EGCG, FA is also a plant-derived
compound. Seed plants and leaves (e.g. rice,
wheat, and oats), vegetables (e.g. tomatoes and
carrots), and fruits (e.g. pineapples and oranges)
are the main sources of dietary FA. The
compound has both anti-inflammatory and anti-
oxidant properties (10, 17, 18), and we have
previously shown that FA is a B-secretase
modulator that inhibits amyloidogenic APP
cleavage. We further reported that FA reverses
cognitive/behavioral deficits and mitigates AD-
like pathology after 6-months of oral treatment in
the APP/PS1 transgenic mouse model of cerebral
amyloidosis, and alters amyloidogenic J-
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secretase APP cleavage in mutant APP-
overexpressing neuron-like cells (10). Because
FA has a relatively low molecular weight, the
compound is freely cell-permeable and
bioavailable. FA is absorbed in free form via
stomach mucosa, and then transported into the
hepatic portal vein where it is metabolized in the
liver. Of note, oral FA can be recovered in rat
plasma after only 5 min, when the ratio of free FA
to total FA is markedly increased, but rapidly
gives rise to conjugated FA. Both free and
conjugated FA are distributed via the systemic
circulation (18-20). Both free and conjugated
FA are distributed via the systemic circulation
into peripheral tissues (19, 20). Whereas FA is
negatively changed at physiological pH due to a
hydroxyl moiety (21), the compound has been
shown to cross the blood-brain barrier in rodents
after peripheral administration (22, 23).

Given that both compounds share anti-
inflammatory and anti-oxidant properties and
have complementary modes of action on APP
cleavage, we tested if combination therapy with
EGCG and FA (each at 30 mg/kg) ameliorated
learning and memory changes, cerebral
amyloidosis, AD-like pathology, and
amyloidogenic APP processing in the mutant
human amyloid B-protein precursor-presenilin 1
(APP/PS1) transgenic mouse model of cerebral
amyloidosis (APP/PS1 mice). We orally
administered EGCG/FA  (alone or in
combination) or vehicle to APP/PS1 mice once
daily for 3 months (beginning at 12 months of
age), and evaluated animals at 15 months old.
Here, our pre-clinical results show that
combination therapy with EGCG plus FA has
significant advantages over single treatment with
either compound.

Results
Co-treatment with EGCG and FA reverses
learning and memory impairment in APP/PS1
mice

APP/PS1 mice reportedly have transgene-
related behavioral impairment as early as 5-7
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months of age (24), so we began by assessing
baseline cognitive status prior to dosing at 12
months. Data revealed behavioral impairment
in novel object recognition, Y-maze, and radial
arm water maze (RAWM) tests in our cohort of
12-month-old APP/PS1 mice versus wild-type
(WT) littermate controls (data not shown). We
then randomly assigned behaviorally impaired
APP/PS1 mice (four treatments with n = 8 per
group; equal numbers of four males and four
females) and WT littermates (same group sizes
and distribution as APP/PS1 mice). Single or
double treatment (via gavage using a 6202 gastric
tube with a rounded silicone-coated tip,
FUCHIGAMI KIKAI, Kyoto, Japan) was given
once daily for 3 months with EGCG and/or FA
(each at 30 mg/kg) or vehicle beginning at 12
months in APP/PS1 and in WT littermate
controls. This directly administered treatment
more precisely derivers the targeted amount of
agent compared with ad [libitum access to
drinking water or chow. At the end of treatment
(15 months of age), we conducted a behavioral
testing battery.

We initially assessed episodic memory by
novel object recognition test, and all eight mouse
groups showed similar recognition indices (50.3—
52.5%) in the training phase of the test (Fig. 14,
left; Table S1). In the retention phase, one-way
analysis of variance (ANOVA) followed by post
hoc comparison disclosed statistically significant
differences on recognition index between
APP/PS1-V mice and the other seven mouse
groups (Fig. 14, right; Table S1; *, p < 0.05 for
APP/PS1-V versus all other mouse groups).
Singly- or doubly-treated APP/PS1 mice had
significantly increased novel object exploration
frequency by 60.8-71.6% versus APP/PS1-V
mice (50.0%). Ofnote, EGCG/FA combination
therapy completely mitigated episodic memory
impairment (Fig. 14, right; Table S1; {, p <0.05,
APP/PS1-EGCG/FA versus APP/PS1-EGCG or
APP/PS1-FA mice), as there were no significant
differences versus any of the WT mouse groups
(Fig. 14, right; Table S1; p > 0.05).
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We moved on to test exploratory activity and
spatial working memory in the alternation Y-
maze task. One-way ANOVA followed by post
hoc testing revealed statistically significant
differences for total arm entries between
APP/PS1-V mice and the other seven mouse
groups (Fig. 1B, lefi; Table S2; *, p < 0.05).
This transgene-related behavioral phenotype has
been noted in this and other mouse models of
cerebral amyloidosis (10, 24-28), and may mirror
disinhibition caused by cortical and/or
hippocampal damage (29). Of interest,
APP/PS1 transgene-associated hyperactivity,
often taken as anxiety-like behavior in APP/PS1
mice, was completely reversed by combined
treatment with EGCG plus FA (Fig. 1B, left;
Table S2; 1, p < 0.05, APP/PS1-EGCG/FA versus
APP/PS1-EGCG or APP/PS1-FA  mice).
Combination treatment completely stabilized
hyperactivity, as the co-treatment group did not
significantly differ from any of the WT mouse
groups (Fig. 1B, left; Table S2; p > 0.05).

Mice instinctively alternate arms in the Y-
maze, such that they enter the three arms in
sequence more often than by chance alone (50%,
see dotted line in Fig. 1B, right; Table S2); this
behavioral phenotype is generally interpreted as
a measure of spatial working memory (24). As
expected, APP/PS1-V mouse behavior revealed
less tendency to alternate versus WT controls.
One-way ANOVA followed by post hoc testing
showed statistically significant differences on Y-
maze spontaneous alternation between APP/PS1-
V mice and the other seven mouse groups (Fig.
1B, right; Table S2; * p < 0.05). Of note,
EGCG- plus FA-treated APP/PS1 mice had
greater % alternation compared with EGCG or
FA single treatment (Fig. 1B, right; Table S2; T+,
p < 0.01, APP/PS1-EGCG/FA versus APP/PS1-
EGCG or APP/PS1-FA mice), which did not
significantly differ from any of the WT mouse
groups (Fig. 1B, right, Table S2; p > 0.05).
Therefore, combination treatment fully restored
defective spatial working memory in the
alternation Y-maze.
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Finally, we assessed hippocampus-dependent
spatial reference learning and memory with the
RAWM test. On day 1, overall ANOVA
disclosed main effects of block (p < 0.001 for
both errors and escape latency), genotype (p <
0.05 for errors and p < 0.01 for escape latency),
and treatment (p < 0.05 for escape latency).
APP/PS1-V mice tended toward increased
number of errors and longer escape latencies to
reach the visible or hidden platform locations
compared with the other seven mouse groups.
On day 2, overall ANOVA revealed main effects
of block (p < 0.001 for both errors and escape
latency), genotype (p < 0.05 for errors and p <
0.01 for escape latency), and treatment (p <0.001
for both errors and escape latency). Repeated-
measures ANOVA followed by post hoc
assessment disclosed statistically significant
differences between APP/PS1-V mice and the
other seven mouse groups (Fig. 1, C and D, left;
Tables S3 and S5; *, p < 0.05 for both errors and
escape latency). APP/PS1-V mice had more
errors and greater escape latencies to reach the
visible or hidden platforms compared with the
other seven mouse groups; yet, either singly- or
doubly-treated APP/PS1 mice accomplished the
task with significantly less errors and shorter
latencies, and their behavior did not significantly
differ from the four WT mouse groups (Fig. 1, C
and D, left and right; Tables S3-S6; p > 0.05).
There were no significant between-group
differences (p > 0.05) on swim speed, nor did we
find thigmotaxis (characteristic of extreme
anxiety-like behavior) in any of the mice tested.
Thus, behavioral differences in the RAWM test
were not due to motivational issues, locomotor
impairment, or anxiety. These results show that
3-month treatment with EGCG and/or FA
completely remediates spatial reference learning
and memory impairment associated with the APP
and PS] transgenes. For all behavioral tests,
sex was included as a categorical covariate in
multiple ANOVA models, but we did not find
significant main effects or interactive terms with
sex (p > 0.05). Further, we stratified all
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analyses by sex and did not find any significant
differences (p > 0.05; data not shown).

Combination therapy mitigates cerebral
amyloid pathology in APP/PS1 mice

At 15 months of age, APP/PS1-V mice had
progressive cerebral amyloid pathology (average
of 7-8% cerebral B-amyloid burden) throughout
retrosplenial cortex (RSC), entorhinal cortex
(EC), and hippocampus (H) regions of interest
(ROI). Treatment with EGCG (32-40%) or FA
(29-35%) significantly reduced [-amyloid
burden (by APi7-4 monoclonal antibody 4GS)
across all three brain regions (Figs. 2, 4-D and 3,
A-C; *** p<0.001). Importantly, combination
therapy with EGCG plus FA further significantly
mitigated cerebral amyloidosis in all three
regions (50-60%) (Fig. 3, 4-C; 1, p<0.05). To
further examine if three-month treatment
prevented versus reversed cerebral B-amyloid
deposition, we included a separate cohort of eight
untreated 12-month-old APP/PS1 mice (the age
when dosing started) into the analysis (Fig. 3, 4-
(). Intriguingly, combined treatment trended
toward reversing cerebral amyloid pathology
across all three brain regions (Fig. 3, 4-C). This
effect was sex-independent (data not shown).

To determine if decreased cerebral 3-amyloid
burden was specific to a plaque subset or
occurred more generally, we conducted
morphometric analysis by blindly assigning [3-
amyloid plaques to one of three mutually
exclusive categories according to maximum
diameter: small (< 25 um); medium (between 25
and 50 pm); or large (> 50 um). Combination
therapy with EGCG plus FA revealed significant
reductions across all three plaque sizes: small
(43-48%); medium (43-56%); and large (55—
65%) (Figs. 2, A-D and 3, D-F; Tables S7-S9; *,
p < 0.05; ** p < 0.01; *** p < 0.001).
Importantly, APP/PS1-EGCG/FA mice presented
with additional reductions across all three plaque
sizes and brain regions compared with either
single treatment (Fig. 3, D-F; Tables S7-S9; t, p
< 0.05; 1, p < 0.01); effects that were
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independent of sex (data not shown).

Like 83% of AD patients, APP/PS1 mice
develop vascular B-amyloid deposits (cerebral
amyloid angiopathy, CAA) with age (30), so we
moved on to assess CAA pathology in our
experimental paradigm. We blindly counted
4G8 antibody-stained cerebral vascular -
amyloid deposits in walls of penetrating arteries
at the pial surface in RSC and EC areas, and in
small arteries at the hippocampal fissure and
brachium of the superior colliculus in the
hippocampal region. Mean numbers of CAA
deposits were significantly decreased in
APP/PS1-EGCG (18-30%) and APP/PS1-FA
(17-28%) mice, and were further reduced in
APP/PS1-EGCG/FA mice (by 38-44%) versus
APP/PS1-V mice in all three brain regions
examined (Fig. 3G; Table S10; *, p <0.05; **, p
<0.01; , p <0.05; 1, p<0.01).

Importantly, we verified histological findings
with biochemical analysis of AP species in brain
homogenates using sandwich enzyme-linked
immunosorbent assay (ELISA). In the TBS-
soluble fraction, single- or double-treatment with
EGCG/FA revealed significant reductions in AP;.
40 (30-59%) and A4 (38-53%) compared with
APP/PS1-V mice (Fig. 44; **, p <0.01 for AP:.
40; *, p < 0.05 ABi-42). ApPi4o abundance was
further reduced by combined treatment (Fig. 44;
T, p < 0.05). A similar trend was noted when
considering the detergent-soluble fraction, where
three single- or double-treatment APP/PS1
mouse groups significantly decreased in A4
(32-61%) and AP142 (30-38%) (Fig. 4B; **, p <
0.01 for both Ai.40 and APi42) with additional
reduction in APi.4 by combination therapy (Fig.
4B; T, p < 0.05). Lastly, the guanidine-HCI-
soluble pellet, which most closely reflects B-
amyloid deposits, disclosed marked reductions in
APP/PS1-EGCG, -FA, or -EGCG/FA mouse
groups for APi4o (33-56%) and ABi42 (30-58%)
(Fig. 4C; ***  p <0.001 for both ABi40 and Ap:-
4). Here, combination therapy with EGCG
plus FA demonstrated significant and additional
reductions in both ABi4 and A4 abundance
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(Fig. 4C; t, p < 0.05 for ABi40; 7T, p < 0.01 for
ABia).

Tandem modulation of APP cleavage by
combination therapy

Reduced cerebral amyloidosis in APP/PS1
mice after EGCG/FA treatment could be due to
1) increased brain-to-blood AP efflux (6), 2)
reduced expression of APP or PSI transgenes, or
3) altered APP cleavage. We obtained
peripheral blood samples from each APP/PS1
mouse group at the time of sacrifice and assayed
plasma ABi4 and APi4> species, but did not
detect between-groups differences (data not
shown). We then moved on to assess
expression of transgene-derived APP or PS1 by
Western blot in brain homogenates. Results
showed comparable band densities; therefore,
neither single nor dual treatment with EGCG/FA
affected transgene-derived APP (Fig. 54) or PS1
(data not shown) expression.

Having ruled out the first two possibilities, we
moved on to elucidate if EGCG/FA therapy
affected APP cleavage.
homogenates for APP metabolites as follows:

We probed brain

nonamyloidogenic  sAPP-a;  amyloidogenic
soluble APP-B, sAPP-B; p-carboxyl-terminal
fragment, B-CTF/C99; phospho-B-CTF, P-B-
CTF/P-C99; and monomeric/oligomeric AP
species. ~ While holo-APP was unchanged,
densitometry confirmed that nonamyloidogenic
APP cleavage to sAPP-o was significantly
elevated in brain homogenates from both EGCG
treatment groups (Fig. 5, 4 and B; Table S11; ***,
p < 0.001 versus APP/PS1-V or APP/PS1-FA
mice). Amyloidogenic APP cleavage to sAPP-
B, C99, and P-C99 were significantly inhibited in
brain homogenates in each treatment group (Fig.
5, 4, C, and D; Table S11; *** p < 0.001), and
combination therapy further reduced sAPP-f as
well as C99 and P-C99 band densities compared
with either treatment alone (Fig. 5, 4, C, and D;
Table S11; f+, p < 0.01; fif, p < 0.001).
Moreover, the 4-kDa monomeric AP band (Fig.
54) and AP species between 25 and 75 kDa
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(putative AP oligomers, Fig. 54) were also
reduced in brain homogenates from three
APP/PS1 mouse treatment groups. This was
further supported by 82E1 sandwich ELISA for
AP oligomers (Fig. 5E; **,p <0.01 for APP/PS1-
V versus treatment groups). It is noteworthy
that combined treatment posted additional
reductions  across most measures  of
amyloidogenicity compared with EGCG or FA
alone (Fig. 5E; 11, p <0.01).

The above data provided evidence that
combination therapy promoted
nonamyloidogenic and inhibited amyloidogenic
APP cleavage. To understand the molecular
underpinnings of these findings, we examined
ADAMI10 (a-secretase candidate) and B-site APP
cleaving enzyme 1 (BACEl, [-secretase)
proteins by Western blot in brain homogenates
from each group of APP/PS1 mice. As
hypothesized, both  precursor ~ADAMI10
(pPADAM10, 90-kDa band) and mature (active)
ADAM10 (mADAMI10, 68-kDa band) were
elevated in brain homogenates from the two
EGCG treatment groups, and densitometry
confirmed significance (Fig. 6, A-C; Table S12;
*#* p<0.001 for pADAM10 and mADAM10).
By contrast, BACE1 protein expression was
lower in brain homogenates from treated versus
APP/PS1-V  mice, which we verified by
densitometry (Fig. 6, 4 and D; Table S12; *** p
< 0.001). It is noteworthy that EGCG and FA
co-treatment produced the greatest reduction in
BACE! expression (Fig. 6, A and D; Table S12;
1+, p < 0.001). These results suggest that
combination therapy elevates ADAMI0 and
decreases BACE], thereby shifting toward
nonamyloidogenic APP processing.
Combination therapy alleviates
neuroinflammation, oxidative stress, and
synaptotoxicity in APP/PS1 mice

In addition to anti-amyloidogenic properties,
EGCG and FA have anti-inflammatory and anti-
oxidant properties (10, 11, 13, 17, 18).
Therefore, we moved on to investigate putative

6102 ‘6 Afenuer uo 1s9nb Aq /610°0q[-mmmy/:dny wioly papeojumoq


http://www.jbc.org/

effects of each compound on neuroinflammatory
processes and oxidative stress in APP/PS1 mice.
We first examined B-amyloid deposit-associated
gliosis (i.e. astrocytosis and microgliosis) by
quantitative  immunohistochemical analyses
alongside brain mRNA expression of the cardinal
proinflammatory innate immune cytokines,
tumor necrosis factor-a (TNF-a) and interleukin-
1B (IL-1B) by real-time polymerase chain
reaction (QPCR).
mRNA expression of two key oxidative stress

We also assayed brain

markers: superoxide dismutase 1 (SODI1) and
glutathione peroxidase 1 (GPx1). APP/PSI1-V
mouse brains disclosed hyperplasia and
hypertrophy of B-amyloid plaque-associated
reactive astrocytes and microglia. We observed
staining for the astrocytic activation marker, glial
fibrillary acidic protein (GFAP), and the
structural marker of activated microglia, ionized
calcium-binding adapter molecule 1 (Ibal), in
glial somata and processes. Numerous minute
GFAP-positive  astrocytic — processes were
distributed between neurons, and GFAP
expression was intensely co-localized with
dystrophic neurites associated with B-amyloid
deposits (Fig. 7, A-D).
treatment groups had decreased reactive

All three mouse

astrocytes and microglia, and quantitation
revealed significant attenuation compared with
APP/PS1-V mice (Fig. 8, 4-F; *** p < 0.001).
Importantly, astrocytosis and microgliosis were
further reduced in APP/PS1-EGCG/FA mice in
all three brain regions examined (Fig. 8, 4-F; T,
p <0.05; 1, p < 0.01). Supporting the above
data, brain mRNA expression of TNF-o, and IL-
1B was significantly decreased in the three
treatment groups compared with APP/PS1-V
mice (Fig. 94; Table S13; *, p < 0.05; ** p <
0.01). Combination  therapy  further
significantly reduced brain proinflammatory
cytokine expression compared with single
treatments (Fig. 94; Table S13; t, p <0.05); brain
expression of proinflammatory cytokines was
completely blocked by co-treatment, and did not
significantly differ from any of the WT control
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groups (Fig. 94; Table S13; p > 0.05).

We noted a similar pattern of results for
expression of key oxidative stress markers.
APP/PS1-V brains had greater mRNA abundance
of both SOD1 and GPx1 transcripts, and both
were significantly reduced in the three treatment
groups (Fig. 9B; Table S13; *, p <0.05; **, p <
0.01). Combination  therapy  further
significantly reduced brain expression of key
oxidative stress markers compared with single
treatment (Fig. 9B; Table S13; f, p < 0.05).
Similar to proinflammatory cytokine mRNAs,
combined treatment completely inhibited SODI
and GPx1 mRNAs, which did not significantly
differ from the three WT mouse groups (Fig. 9B;
Table S13; p > 0.05). These effects were sex-
independent (data not shown). Western blots on
brain homogenates supported results presented
above. Ineach treatment group, both SOD1 and
GPx1 proteins were significantly reduced versus
APP/PS1-V mice by densitometry (Fig. 9, C-E;
Table S14; *** p < 0.001). Strikingly,
combination therapy showed further reduction

compared with EGCG or FA treatment alone (Fig.

9, C-E; Table S14; t1t, p < 0.001). Together,
these results demonstrate that EGCG plus FA
combination therapy stabilizes
neuroinflammation and oxidative stress in
APP/PS1 brains.

Finally, to evaluate whether combination
therapy could ameliorate synaptotoxicity in
APP/PS1 mice, we interrogated synaptophysin in
hippocampal CA1l and EC regions. We noted
elevated synaptophysin immunoreactivity (IR) in
both brain areas from APP/PS1-EGCQG,
APP/PS1-FA, and APP/PS1-EGCG/FA mice
compared with APP/PS1-V mice (Fig. 10, A-F;
Table S15; *** p < 0.001). Importantly,
combination therapy produced strongest
synaptophysin IR in both CA1 and EC regions
that was further elevated versus either single
treatment (Fig. 10, A-F; Table S15; §, p < 0.05).

Discussion
A key drug development -challenge is
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delivering an agent with few side effects that not
only treats symptoms—but actually modifies
disease.  Here, we report that combination
therapy with EGCG and FA completely reverses
transgene-associated behavioral deficits in the
APP/PS1 transgenic mouse model (see Fig. 1).
In concert with learning and memory
improvement, pathological findings demonstrate
that combined therapy posts additional benefits
over single treatments to attenuate parenchymal
and vascular f-amyloidosis (see Figs. 2-4). In
this regard, clinicopathological studies have
investigated the relationship between cerebral
amyloid pathology and cognitive deficits in
human AD (31, 32). Similar to our results,
numerous reports have linked reversal of
transgene-associated behavioral deficits to
attenuated cerebral amyloid pathology in mouse
models (10, 26-28, 33-36), although others have
shown that cognitive function and cerebral
amyloidosis can be uncoupled (37, 38). In
humans, elderly with preserved cognitive
function reportedly have cerebral amyloid
pathology comparable to prodromal or frank AD
at autopsy (39, 40). One explanation provided
for the discordancy between senile plaques and
cognitive impairment in the human AD literature
is that soluble, oligomeric forms of AP are the
true neurotoxic species (41-44). In support of
this hypothesis, others have demonstrated that
behavioral deficit occurs in parallel with elevated
AP oligomers in rodent models (34, 38).
Interestingly, we show that combination
treatment significantly decreases AP oligomers
(see Fig. 5, which inversely correlates with
cognitive function (see Fig. 1).

Sequential APP endoproteolysis by the
secretases generates amyloidogenic C99 and
sAPP-§ followed by AP; whereas the
nonamyloidogenic pathway generates sAPP-a
and C83. Our data show significantly increased
sAPP-a in brain homogenates from APP/PS1
mice treated with EGCG alone or in combination
with FA; whereas sAPP-B, C99, and P-C99
production are reduced, providing evidence that
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APP  cleavage is shifted toward the
nonamyloidogenic pathway.  Soluble APP-a
has beneficial properties,
neurotrophism and neuroprotection (45, 46), and
even enhancing long-term potentiation (47).

Interestingly, treatment with EGCG alone not

including

only increases nonamyloidogenic but also
reduces amyloidogenic APP processing (see Fig.
5). Combined treatment significantly enhances
protein expression of a-secretase candidate
ADAM10, whereas BACE1 protein abundance is
significantly reduced—even by EGCG treatment
alone. This latter result is interesting, because a
previous study showed that EGCG can act as a f3-
secretase modulator in a cell-free system (48).
Nonetheless, combination therapy further
significantly = decreases = BACE1  protein
expression compared with EGCG alone (see Fig.
6). This agrees with our prior report that sAPP-
a can indirectly modulate -secretase activity and
AP generation through a negative feedback loop
(49), and others have shown that sAPP-a can
autoregulate APP cleavage (50-52). Hence,
EGCQG can inhibit AP generation both by directly
enhancing o-secretase and by indirectly
modulating B-secretase activity. Collectively,
our data show that combination therapy further
polarizes APP cleavage towards
nonamyloidogenic o-secretase cleavage versus
either single treatment.

In the AD brain, reactive microglia and
astrocytes co-exist in both temporal and spatial
proximity to [-amyloid deposits, and glial
activation leads to neuroinflammation that can
cause bystander neuronal injury (53-55). Both
EGCG and FA have additional beneficial
properties, including reducing inflammation (10,
13, 18). Strikingly in fact, combination therapy
confers greatest additional benefit over single
treatments on neuroinflammation. When
considering neuroinflammatory  biomarkers,
results show that combined treatment dampens
plaque-associated microgliosis and astrocytosis
and completely blocks brain mRNA expression
of TNF-a and IL-1P to baseline levels (see Figs.
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7-9). Given the recent intense focus on
inflammatory mechanisms in AD (54, 595), it
remains possible that mitigated
neuroinflammation after combination therapy
plays a dominant role to reduce AD-like
pathology and improve cognition in APP/PS1
mice.

Reactive oxygen species are produced during
host defense against pathogens.  However,
when activated inappropriately or overproduced,
oxidative substances can damage DNA, proteins
and lipids, leading to cellular injury and death
(56). Oxidative damage has been linked to AD
pathogenesis (57, 58), and both EGCG and FA
have anti-oxidant and free radical scavenging
properties (10, 11, 13, 17).
explored whether the compounds modulated

Therefore, we

oxidative stress in APP/PS1 mice. Results
show that combined treatment with EGCG and
FA completely reduces cerebral mRNA
expression of SOD1 and GPx1 to baseline levels
in APP/PS1 mice, while EGCG or FA single
treatment has only modest effects. We actually
observe greatest reductions in SOD1 or GPx1
proteins with combination therapy (see Fig. 9).

Synaptic loss is a cardinal feature of the AD
brain, and the role of AP in synapse loss and
dysfunction is well-documented. Importantly,
synaptic plasticity is considered to form the
cellular basis for learning and memory (59-61).
Dysregulated plasticity leads to synaptic loss,
and decreased synapse distribution is a durable
predictor of disease progression and behavioral
decline (59). Synaptophysin is a pre-synaptic
marker that is mostly commonly used as a
surrogate for synaptic density (62). In this
regard, we quantified synaptophysin IR in
hippocampal CA1 and EC regions of APP/PSI
mice and found significant increases in each
APP/PS1 treatment group, with greatest benefit
after combined treatment (see Fig. 10).

Even more than with single treatment
approaches, safety is a key issue with
combination therapy, and adverse effects must be
taken into account. Importantly, single or dual
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treatment with EGCG and FA for 3 months is
well-tolerated—we did not observe any adverse
events in any of the mice included in our study.
Based on the chemical database for EGCG by
Registry of Toxic Effects of Chemical
Substances, acute oral lethal dose for 50% (LDso)
is as high as 2,710 mg/kg inmice. Likewise, FA
has a high acute oral LDs of 2,370 mg/kg in mice
(10), with a human equivalent dose of 2.43 mg/kg
for EGCG or FA, which equates to a 146 mg dose
for a 60 kg person (63). Moreover, the tolerable
daily intake in a human can be extrapolated from
rodent LDso threshold data (64). Assuming the
body surface area calculation factor for
interspecies variation (63), the tolerable human
daily intake for EGCG is equivalent to 13.18 g,
whereas FA is 11.53 g (both assume 60 kg human
weight). Thus, the doses (30 mg/kg/day for a
mouse: 146 mg for a human) used in this study
are quite low, and such advantageous
pharmacotoxicity profiles reinforce the notion
that combined EGCG/FA administration is safe.
Nonetheless, it remains possible that increased
ADAMI10 and/or decreased BACE1 activity
might also affect processing of other substrates,
leading to unwanted side effects.  Hence,
further translational research is warranted to
investigate whether long-term EGCG and FA
therapy is safe in humans.

With respect to the pharmacokinetics of
EGCG in humans, the compound is absorbed at
< 5% abundance and reaches peak plasma
concentration time (7..) at 2 h after per os
administration (65, 66). Green tea catechins are
primarily absorbed in the intestine (i.e. jejunum
and ileum) by paracellular diffusion through
epithelial cells (67). Once absorbed, free
EGCQG is mainly detected in plasma (> 75%) (14,
68) and has a half-life (T1/2) of ~3 h (65, 66).
Similar to EGCG, FA is absorbed from the
stomach, jejunum, and ileum. Free FA can be
found in human plasma just 10 min after oral
administration of sodium ferulate (69). Plasma
FA concentrations reach 7. at 24 min following
oral administration, with a T1/2 of 42 min (69).

6102 ‘6 Afenuer uo 1s9nb Aq /610°0q[-mmmy/:dny wioly papeojumoq


http://www.jbc.org/

Free FA and its glucuronic conjugate are detected
in the plasma, and both free FA and its glycine
conjugate are found in urine after ingestion of FA
containing wheat bran (70). The urinary
excretion of FA in humans plateaus between 7 h
and 9 h after ingestion (71).

An important question is whether EGCG and
FA can cross the blood-brain barrier. Using
liquid chromatography coupled with tandem
mass spectrometry electrospray ionization,
EGCG was detected in the rodent brain after
systemic administration (16). With respect to
FA, standard  high-performance  liquid
chromatography approaches have detected the
compound in the brain after
administration (22, 23).
validated using a more advanced technique;

peripheral
This result has been
ultra-performance  liquid  chromatography
coupled to tandem mass spectrometry (72).

The vast majority (> 95%) of AD cases are
‘sporadic’; characterized by onset at 65 years or
later, while less than 5% of cases are early-onset
autosomal dominant AD. To date, a series of
mutations in three different genes (i.e., APP, PS1,
and PS2) cause autosomal dominant AD (73).
These mutations have been used to varying
degrees to study basic and translational aspects of
AD. One of the most widely used tools is
transgenic mice expressing one or more of these
mutant human transgenes. In this study, we
utilized APP/PS1 mice harboring human APP
and PS] mutations. It is important to note that,
while APP/PS1 mice model some of the AD
relevant  phenotypes  including  cerebral
amyloidosis, neuroinflammation, and cognitive
disturbance, they do not recapitulate all AD
features and are therefore not a complete model
of human AD.

In conclusion, we report that administering 3-
month combination therapy with EGCG and FA
to the aged APP/PS1 transgenic mouse model of
cerebral amyloidosis confers additional benefits
over single treatments on improving behavioral
deficits, ameliorating cerebral amyloidosis, and

reducing AP generation.  Further, combined
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treatment potently stabilizes neuroinflammation,

alleviates oxidative stress, and mitigates

synaptotoxicity. We propose
combination therapy with EGCG and FA as an

long-term
effective disease-modifying therapy for AD.

Experimental procedures
Ethics statement

All  experiments were performed in
accordance with the guidelines of the National
Institutes of Health, and all animal studies were
approved by the Saitama Medical University
Institutional Animal Care and Use Committee.
Animals were humanely cared for during all
experiments, and all efforts were made to

minimize suffering.

Mice

Male B6.Cg-Tg(APPgye,
PSENI1dE9)85Dbo/Mmjax  mice  (bearing
“Swedish” APPK595N/M596L and PSI exon 9-
deleted mutant human transgenes) on the
congenic C57BL/6J background (designated
APP/PS1 mice) (74) and female C57BL/6J mice
were obtained from The Jackson Laboratory (Bar
Harbor, ME). For colony maintenance, male
APP/PS1 mice on the congenic C57BL/6J
background were bred with female C57BL/6J
mice to yield APP/PS1 and WT offspring—so all
experimental APP/PS1 mice and WT littermates
in this study are on the same C57BL/6J genetic
background.

EGCG and FA were obtained from Sigma-
Aldrich (St. Louis, MO).
reagent was resuspended in 25 ul of 100%
dimethyl sulfoxide and then diluted with distilled
water to a final concentration of 0.2% dimethyl

Twenty mg of each

sulfoxide. All regents were freshly prepared

daily prior to each treatment. We randomly
assigned APP/PS1 mice to four treatment groups
(n = 8 per condition; four males and four
females): EGCG (APP/PS1-EGCG); FA
(APP/PS1-FA); EGCG + FA (APP/PSI-
EGCG/FA); or vehicle (distilled water containing

dimethyl sulfoxide at a final concentration of
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0.2%; APP/PS1-V). Additionally, WT
littermates received the same four treatments (n
= 8 per group; four males and four females) as
follows: WT-EGCG; WT-FA; WT-EGCG/FA
mice; or vehicle (WT-V).
whether treatment prevented versus reversed
kinetics of cerebral amyloid accumulation, we
included eight untreated APP/PS1 mice at 12
months of age (APP/PS1-12M mice, four males
and four females) for analysis of B-amyloid
pathology. After
assessment just before dosing (12 months of age),
animals were gavaged with EGCG, FA, EGCG
plus FA (all at 30 mg/kg), or vehicle once daily
for 3 months. Mice were housed in a specific

To determine

baseline  behavioral

pathogen-free barrier facility under a 12/12-h
light/dark cycle with ad libitum access to food
and water.

Behavioral analyses

To assess novel object recognition and
retention, animals were habituated in a cage for 4
h, and two objects of different shapes were
concurrently provided for 10 min. The number
of times that the animal explored the familiar
object (defined as number of instances where an
animal directed its nose 2 cm or less from the
object) was counted for the initial 5 min of
exposure (training phase). To test memory
retention on the following day, one of the familiar
objects was replaced with a different shaped
novel object and explorations were recorded for
5 min (retention test). The recognition index,
taken as a measurement of episodic memory, is
reported as frequency (%) of explorations of the
novel versus familiar objects (75).

To measure exploratory activity and spatial
working memory, animals were individually
placed in one arm of a radially symmetric Y-maze
made of opaque gray acrylic (arms, 40 cm long
and 4 cm wide; walls, 30 cm tall), and the
sequence of arm entries and total number of
entries were counted over a period of 8§ min,
beginning when the animal first entered the

central area. Percent alternation was defined as
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entries into sequentially different arms on
consecutive occasions using the following
formula: 9% alternation = number of
alternations/(number of total arm entries — 2) x
100% (24).

To assess spatial reference learning and
memory, the RAWM test was conducted over 2
days and consisted of triangular wedges in a

circular pool (80 cm diameter) configured to

form swim lanes that enclose a central open space.

Mice naive to the task were placed in the pool and
allowed to search for the platform for 60 s.
Animals were dropped into a random start arm
and allowed to swim until they located and
climbed onto the platform (goal) over a period of
60 s. Latency to locate the platform and errors
were recorded. Each mouse was given a total of
15 trials.
visible and hidden; although on day 2, the goal
was always hidden.
individual blocks of three trials each. The goal
arms remained in the same location for both days,

On day 1, the goal alternated between

All data were organized as

whereas the start arm was randomly altered.
All trials were done at the same time of day (% 1
h), during the animals’ light phase. To avoid
interference with behavioral testing, each
treatment was carried out 1 h after concluding

behavioral testing (76).

Brain tissue preparation
At 15 months
anesthetized with sodium pentobarbital (50

of age, animals were
mg/kg) and euthanized by transcardial perfusion
with ice-cold physiological saline containing
Brains were isolated and
of the
longitudinal fissure of the cerebrum, and then

heparin (10 units/ml).
quartered (sagittally at the level

coronally at the level of the anterior commissure).

Left anterior hemispheres were weighed and
snap-frozen at -80°C for Western blot analysis.
Right anterior hemispheres were weighed and
immersed in RNA stabilization solution
(RNAlater®, Applied Biosystems, Foster City,
CA) and then snap-frozen at -80°C for QPCR

analysis.  Left posterior hemispheres were
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immersed in 4% paraformaldehyde at 4°C
overnight and routinely processed in paraffin.
Right posterior hemispheres were weighed and
snap-frozen at -80°C for ELISA.

Immunohistochemistry

Five coronal paraffin sections (per set) were
cut with a 100-um interval and 5-pm thickness
spanning bregma —-2.92 to -3.64 mm (77).
Three sets of five sections were prepared for
analyses of AP deposits/B-amyloid plaques,
astrocytosis, and microgliosis. An additional
set of five sections was used for analysis of
synaptophysin IR. Primary antibodies were as
follows: biotinylated anti-APi7..4 monoclonal
(1:200 dilution, 4GS;
Products,  Emeryville,

Covance Research
CA);  anti-GFAP
polyclonal (1:500 dilution, Dako, Carpinteria,
CA); carboxyl-terminal anti-Ibal polyclonal
(1:500 dilution, FUJIFILM Wako Pure Chemical,
Osaka, Japan); and carboxyl-terminal anti-
synaptophysin monoclonal (1:20 dilution, DAK-
SYNAP; Dako)
Immunohistochemistry was performed using a
Vectastain ABC FElite Kit (Vector Laboratories,
Burlingame, CA)

antibodies.

coupled  with  the
diaminobenzidine reaction, except that the
biotinylated secondary antibody step was omitted

for the biotinylated Ai7.24 monoclonal antibody.

Image analysis

Images were acquired and quantified using
SimplePCI software (Hamamatsu Photonics,
Shizuoka, Japan). Images of five 5-um sections
through each anatomic ROI (i.e. RSC, EC, and
H) were captured based on anatomical criteria
(77), and we set a threshold optical density that
discriminated staining from background.
Selection bias was controlled for by analyzing
each ROI in its entirety. For AP, GFAP, and
Ibal burden analyses, data are reported as the
percentage of positive pixels captured divided by
the full area captured. For conventional Af
burden analysis, the AB17.4 monoclonal antibody

was used; its epitope that lies within amino acids
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18-22 (VFFAE).

For B-amyloid plaque morphometric analysis,
diameters (maximum lengths) of p-amyloid
plaques were measured, and three mutually
exclusive plaque size categories (< 25, 25-50, or
> 50 pm) were blindly tabulated. For
quantitative analysis of CAA, numbers of A
antibody-positive cerebral vessels were blindly
each ROL To
synaptophysin IR, images of five 5-um sections

counted in evaluate
through hippocampal CA1 and EC were blindly
captured based on anatomical criteria (77) and
converted to gray scale. The average optical
density of positive signals from each image was
quantified as a relative number from zero (white)
to 255 (black) and expressed as mean intensity of
synaptophysin IR.

ELISA

Brain APi.40 and A4 species were detected
by a three-step extraction protocol with
modifications (78). Brains were homogenized
using TissueLyser LT (Qiagen, Valencia, CA) in
Tris-buffered saline (TBS: 25 mM Tris-HCI, pH
7.4, 150 mM NaCl) containing protease inhibitor
cocktail (Sigma-Aldrich) and centrifuged at
18,800 x g for 60 min at 4°C, and supernatants
were collected (representing the TBS-soluble
fraction). Resulting pellets were treated with
TNE buffer (10 mM Tris-HCI, 1% Nonidet P-40,
1 mM EDTA, and 150 mM NaCl) with protease
inhibitors and homogenized using TissueLyser
LT. Homogenates were then centrifuged at
18,800 x g for 30 min at 4°C, and supernatants
were collected (representing the detergent-
soluble fraction). = Remaining pellets were
treated with 5 M guanidine HCI and dissolved by
occasional mixing on ice for 30 min and
centrifuged at 18,800 x g for 30 min at 4°C.
Supernatants were then collected; this is taken as
AB]_40 and
APi-42 species were separately quantified in each
sample in duplicate by sandwich ELISA (IBL,
Gunma, Japan) (79).
quantified in the TNE-soluble fraction in

the guanidine HCl-soluble fraction.

AP oligomers were
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duplicate by Human Amyloidp Oligomers
(82El1-specific) Assay Kit (IBL) (80). All
samples fell within the linear range of the
standard curve.

Western blot

Brain homogenates were lysed in TBS
containing protease inhibitor cocktail (Sigma-
Aldrich) followed by TNE buffer, and aliquots
corresponding to 10 pg of total protein (equally
loaded per lane) were electrophoretically
separated for each mouse brain using Tris glycine
gels. Electrophoresed proteins were transferred
to polyvinylidene difluoride membranes (Bio-
Rad, Richmond, CA) that were blocked for 1 h at
ambient temperature. Membranes were then
hybridized for 1 h at ambient temperature with
primary antibodies to follows: amino-terminal
anti-APP polyclonal (1:2,000 dilution, IBL);
carboxyl-terminal anti-presenilin 1 (PS1)
monoclonal (1:500 dilution, PS1-loop, Merck
Millipore, Darmstadt, Germany);
terminal anti-sAPP-o monoclonal (1:300 dilution,
2B3; IBL); carboxyl-terminal anti-sAPPp-sw
monoclonal (1:100 dilution, 6A1; IBL), amino-
terminal anti-Afi.1¢ monoclonal (1:500 dilution,
82E1; IBL); carboxyl-terminal anti-BACEI
polyclonal (1:400 dilution, IBL); carboxyl-
terminal anti-ADAMI10 polyclonal (1:1,500
dilution, Cell Signaling Technology, Danvers,
MA); anti-Cu/Zn SOD polyclonal (1:3,000
dilution, Enzo Life Sciences, Farmingdale, NY);
anti-GPx1 polyclonal (1:4,000 dilution, Boster
Biological Technology, Pleasanton, CA); and
anti-f-actin monoclonal (1:5,000 dilution, 13ES;

Cell Signaling Technology; as a loading control).

carboxyl-

Membranes were then rinsed and incubated for 1
h at ambient temperature with appropriate
horseradish peroxidase-conjugated secondary
antibodies (1:50,000 dilution for both primary
After
additional rinsing, membranes were incubated

monoclonal and polyclonal antibodies).

for 5 min at ambient temperature with enhanced
chemiluminescence substrate (SuperSignal West
Dura Extended Duration Substrate, Thermo
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Fisher Scientific, Waltham, MA), exposed to film,
and developed. Western blots were done for
each brain (n = 8 mice per group) and

quantitative data were averaged.

OPCR

We quantified TNF-a, IL-1B, SOD1, GPx1,
and B-actin mRNA levels by QPCR analyses (10,
26, 27). Total RNA was extracted using the
RNeasy Mini Kit (Qiagen), and first strand
cDNA synthesis was carried out using the
QuantiTect Reverse Transcription Kit (Qiagen)
in accordance with the manufacturer’s
We diluted cDNA 1:1 in H>O and
carried out QPCR for all genes of interest using
cDNA-specific
(TagMan Gene Expression Assays, Applied
Biosystems) on an ABI 7500 Fast Real-time PCR
Each 20-uL
reaction mixture contained 2 pl of cDNA with 1
ul of TagMan Gene Expression Assay reagent, 10
ul of TagMan Fast Universal PCR Master Mix
(Applied Biosystems), and 7 pl of H>O.
Thermocycler conditions consisted of: 95°C for
15 s, followed by 40 cycles of 95°C for 1 s and
60°C for 20 s.

instructions.

TagMan primer/probe sets

instrument (Applied Biosystems).

Mouse TagMan probe/primer

sets were as follows: TNF-a (number
Mm00443258 ml); IL-1pB (number
Mm00434228 ml); SOD1 (number
MmO01700393 gl); GPx1 (number
Mm00656767 gl); and B-actin  (number

Mm00607939 s1; used as an internal reference
control) (Applied Biosystems). Samples that
were not subjected to reverse transcription were
run in parallel as negative controls to rule out
genomic DNA contamination, and a “no template
control” was also included for each primer set.
The cycle threshold number (Cr) method (81)
was used to determine relative amounts of initial
target ¢cDNA in each sample. Results are

expressed relative to vehicle control WT mice.

Statistical analysis
Data are presented as means with associated

standard deviations. A hierarchical analysis
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strategy was used in which the first step was an multiple mean comparisons, one-way ANOVA
overall ANOVA (repeated measures was used for was used, followed by post hoc comparison of
behavioral data) to assess significance of main the means using Bonferroni’s or Dunnett’s T3
effects and interactive terms. If significant, methods (depending on Levene’s test for equality
post hoc testing was done with Tukey’s HSD or of the variance). The a levels were set at 0.05
Dunnett’s T3 methods, where appropriateness for all analyses. All analyses were performed

was determined based on Levene’s test for using the Statistical Package for the Social

equality of the variance. In instances of Sciences, release 23.0 (IBM SPSS, Armonk, NY).
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a disintegrin and metalloproteinase domain-containing protein 10; APP/PS1, the mutant human amyloid
B-protein precursor-presenilin 1; APP/PS1 mice, APP/PS1 transgenic mouse model of cerebral
amyloidosis; RAWM, radial arm water maze; ANOVA, analysis of variance; RSC, retrosplenial cortex;
EC, entorhinal cortex; H, hippocampus; ROI, regions of interest; CAA, cerebral amyloid angiopathy;
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FIGURE LEGENDS

Figure 1. Reversal of transgene-associated behavioral impairment in APP/PS1-
EGCG/FA mice. Data were obtained from APP/PS1 mice that received vehicle (APP/PS1-
V, n = 8), EGCG (APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n = 8), or EGCG plus FA
(APP/PS1-EGCG/FA, n = 8) and also wild-type mice that received vehicle (WT-V, n = 8),
EGCG (WT-EGCG, n = 8), FA (WT-FA, n = 8), or EGCG plus FA (WT-EGCG/FA, n = 8) for 3
months after initial behavioral testing at 12 months of age. Data for A-D are presented as
standard deviations of the means. All mice were tested with a comprehensive behavioral
battery at 15 months. A, recognition index (%) in the novel object recognition test is shown
for training (/eft) and retention (right) phases. B, Y-maze test data are represented as total
arm entries (left) and spontaneous alternation (right). Two-day radial arm water maze test
data are shown with five blocks per day for errors (C, left and right) and for escape latency (D,
left and right).  Statistical comparisons for A-D are between-groups. *, p < 0.05 for
APP/PS1-V versus the other treated mice; 1, p < 0.05, 11, p < 0.01 for APP/PS1-EGCG/FA
versus APP/PS1-EGCG or APP/PS1-FA mice.

Figure 2. Combination therapy reduces -amyloid plaques in APP/PS1 brains. A-D,
representative images were taken from APP/PS1 mice that received vehicle (APP/PS1-V),
EGCG (APP/PS1-EGCG), FA (APP/PS1-FA), or EGCG plus FA (APP/PS1-EGCG/FA) for 3
months starting at 12 months of age (mouse age at sacrifice = 15 months).
Immunohistochemistry using an AB+7.24 monoclonal antibody (4G8) reveals cerebral 3-amyloid
deposits. Brain regions shown include: retrosplenial cortex (RSC, top); hippocampus (H,
middle); and entorhinal cortex (EC, boffom). Each right image is a higher magnification
image from insets.

Figure 3. Combined treatment with EGCG plus FA effectively attenuates cerebral
parenchymal and vascular B-amyloid deposits and lowers AB levels. A-C, quantitative
image analysis of AR burden (%) from 4G8 immunostain is shown. D-F, morphometric
analysis of cerebral parenchymal $-amyloid deposit size. Mean plaque size is shown from
blind assignment to one of three mutually exclusive categories: small (< 25 ym; D), medium
(between 25 and 50 um; E), or large (> 50 um; F). G, severity of cerebral amyloid angiopathy
(mean CAA deposit number) is shown. For A-C, Each brain region is indicated on the x axis
(RSC, H, and EC). For D-F, mean deposit number is shown on the y axis, and brain region
is denoted on the x axis. For G, mean CAA number is shown on the y axis, and brain region
is presented on the x axis. Data were obtained from APP/PS1 mice received to vehicle
(APP/PS1-V, n = 8), EGCG (APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n = 8), or EGCG plus
FA (APP/PS1-EGCG/FA, n = 8) for 3 months beginning at 12 months of age (mouse age at
sacrifice = 15 months) for A-G in addition to 12-month-old APP/PS1-mice (APP/PS1-12M, n =
8) for A-C. Data for A-G are presented as standard deviations of the means. Statistical
comparisons for A-G are between-groups within each brain region. *, p <0.05; **, p < 0.01;
*** p < 0.001 for APP/PS1-V versus the other treated mice; 1, p < 0.05; 11, p < 0.01 for
APP/PS1-EGCG/FA versus APP/PS1-EGCG or APP/PS1-FA mice.

Figure 4. Combination therapy with EGCG and FA significantly lowers A levels. A,
TBS-soluble; B, detergent-soluble; and C, 5 M guanidine HCl-extractable fractions from brain
homogenates were individually measured by sandwich ELISA for human AB1.40 (left) and ABs.
42 (right). Data were obtained from APP/PS1 mice received to vehicle (APP/PS1-V, n = 8),
EGCG (APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n = 8), or EGCG plus FA (APP/PS1-
EGCG/FA, n = 8) for 3 months beginning at 12 months of age (mouse age at sacrifice = 15
months) for A-C. Data for A-C are presented as standard deviations of the means.
Statistical comparisons for A-C are between-groups for each AR species. *, p <0.05; **, p <
0.01; ***, p < 0.001 for APP/PS1-V versus the other treated mice; 1, p < 0.05; 11, p < 0.01 for
APP/PS1-EGCG/FA versus APP/PS1-EGCG or APP/PS1-FA mice.
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Figure 5. Combined therapy promotes nonamyloidogenic and inhibits amyloidogenic
APP cleavage. Data were obtained from APP/PS1 mice that received vehicle (APP/PS1-V,
n=28), EGCG (APP/PS1-EGCG, n=8), FA(APP/PS1-FA, n = 8), or EGCG plus FA (APP/PS1-
EGCG/FA, n = 8) for 3 months starting at 12 months of age. Western blots included each
mouse (n = 8 per group) and quantitative data were averaged. Ten pg of protein from each
sample was equally loaded per lane. Data for B-E are presented as standard deviations of
the means. A, Western blots are shown using amino-terminal APP polyclonal antibody (pAb
N-APP), carboxyl-terminal anti-sAPP-B-sw monoclonal antibody (mAb 6A17), and sAPP-a
monoclonal antibody (mAb 2B3). Western blots are also shown using amino-terminal
amyloid-B117 (AB) monoclonal antibody (mAb 82E17), which detects amyloidogenic APP
cleavage fragments, including AB monomer and oligomers as well as phospho-C99 (P-C99)
and nonphospho-C99 (C99). Actin is included as a loading control, and densitometry values
are indicated below each lane. B-D, densitometry data are shown for ratios of sAPP-a or
sAPP-B to APP as well as P-C99 or C-99 to actin. E, abundance of (N) 82E1 AR oligomers

in the detergent-soluble brain homogenate fraction (measured by sandwich ELISA) are shown.

Statistical comparisons for B-C and E are between-groups. Statistical comparisons for D are
within each protein and between-groups. B, ***, p < 0.001 for APP/PS1-EGCG and
APP/PS1-EGCG/FA mice versus APP/PS1-V and APP/PS1-FA mice; C-E, **, p < 0.01; ***, p
< 0.001 for APP/PS1-V versus the other treated mice; T1, p < 0.01; 111, p < 0.001 for
APP/PS1-EGCG/FA versus APP/PS1-EGCG or APP/PS1-FA mice.

Figure 6. EGCG plus FA increases ADAM10 and decreases BACE1 expression. Data
were obtained from APP/PS1 mice that were given vehicle (APP/PS1-V, n = 8), EGCG
(APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n = 8), or EGCG plus FA (APP/PS1-EGCG/FA, n
= 8) for 3 months starting at 12 months of age. Western blots included each mouse (n =8
per group) and quantitative data were averaged. Ten pg of protein from each sample was
equally loaded per lane. Data for B-D are presented as standard deviations of the means.
A, Western blots are shown using carboxyl-terminal ADAM10 (a-secretase candidate)
polyclonal antibody (pAb ADAM10), and carboxyl-terminal BACE1 (B-secretase) polyclonal
antibody (pAb BACET). Actin is included as an internal loading control, and densitometry
data are shown below each lane. Densitometry results are shown for ratios of precursor
ADAM10 (pPADAM10, B) or mature ADAM10 (mMADAM10, C) to actin. D, densitometry data
are shown for ratios of BACE1 to actin.  Statistical comparisons for B-D are between-groups.
B-C, ***, p < 0.001 for APP/PS1-EGCG and APP/PS1-EGCG/FA versus APP/PS1-V and
APP/PS1-FA mice; D, ***, p < 0.001 for APP/PS1-V versus the other treated mice; 111, p <
0.001 for APP/PS1-EGCG/FA versus APP/PS1-EGCG or APP/PS1-FA mice.

Figure 7. Mitigated astrocytosis and microgliosis in APP/PS1-EGCG/FA mice. A-D,
representative images were obtained from APP/PS1 mice that received vehicle (APP/PS1-V),
EGCG (APP/PS1-EGCG), FA (APP/PS1-FA), or EGCG plus FA (APP/PS1-EGCG/FA) for 3
months starting at 12 months of age (mouse age at sacrifice = 15 months).
Immunohistochemistry for glial fibrillary acidic protein (GFAP) and ionized calcium-binding
adapter molecule 1 (Iba1) reveals B-amyloid deposit-associated astrocytosis (left images) and
microgliosis (right images). Brain regions shown include: RSC (top); H (middle); and EC
(bottom).

Figure 8. APP/PS1-EGCG/FA mice had ameliorated astrocytosis and microgliosis.
Quantitative image analyses for astrocytosis (A-C) or microgliosis (D-F) burden are shown.
Each brain region is indicated on the x axis. Data were obtained from APP/PS1 mice that
received vehicle (APP/PS1-V, n = 8), EGCG (APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n =
8), or EGCG plus FA (APP/PS1-EGCG/FA, n = 8) for 3 months commencing at 12 months of
age (mouse age at sacrifice = 15 months). Data for A-F are presented as standard deviations
of the means. Statistical comparisons for A-F are within each brain region and between-
groups. ***, p<0.001 for APP/PS1-V versus the other treated mice; 1, p < 0.05; 11, p < 0.01
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for APP/PS1-EGCG/FA versus APP/PS1-EGCG or APP/PS1-FA mice.

Figure 9. Combination therapy with EGCG plus FA dampens neuroinflammation and
oxidative stress. Data were obtained from APP/PS1 mice that received vehicle (APP/PS1-
V, n = 8), EGCG (APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n = 8), or EGCG plus FA
(APP/PS1-EGCG/FA, n = 8) for 3 months commencing at 12 months of age (mouse age at
sacrifice = 15 months). Data for A-B additionally included wild-type mice treated in parallel
with vehicle (WT-V, n = 8), EGCG (WT-EGCG, n = 8), FA (WT-FA, n = 8), or EGCG plus FA
(WT-EGCG/FA, n = 8). Data for A-B and D-E are presented as standard deviations of the
means. QPCR for A, tumor necrosis factor-a (TNF-a) or interleukin-13 (/L-18)
proinflammatory cytokines or B, key oxidative stress markers superoxide dismutase 1 (SOD1)
or glutathione peroxidase 1 (GPx1). Data for A-B are expressed as relative fold over WT-V
mice. C, Western blots are shown using anti-Cu/Zn SOD polyclonal antibody (pAb SOD1) or
by anti-GPx1 polyclonal antibody (pAb GPx1). Western blots included each mouse (n = 8
per group) and quantitative data were averaged. Ten ug of protein from each sample was
equally loaded per lane. Actin is included as a loading control for each appropriate blot, and
densitometry data are shown below each lane. Densitometry data are shown for ratios of
SOD1 (D) to actin or for GPx1 (E) to actin. Statistical comparisons for A-B are between-
groups but within each mRNA species. Statistical comparisons for D-E are within each
protein and between-groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001 for APP/PS1-V versus
the other treated mice; 1, p < 0.05; 111, p < 0.001 for APP/PS1-EGCG/FA versus APP/PS1-
EGCG or APP/PS1-FA mice.

Figure 10. Synaptotoxicity in APP/PS1 mice is attenuated by EGCG plus FA
combination treatment. Data were obtained from PSAPP mice treated with vehicle
(APP/PS1-V, n=8), OG (APP/PS1-EGCG, n = 8), FA (APP/PS1-FA, n = 8), or EGCG plus FA
(APP/PS1-EGCG/FA, n = 8) for 3 months commencing at 12 months of age (mouse age at
sacrifice = 15 months). Data for E-F are presented as standard deviations of the means. A-
D, immunohistochemistry using a carboxyl-terminal synaptophysin monoclonal antibody.
Brain regions shown include: CA1 (left) and EC (right). E-F, quantitative image analyses for
synaptophysin immunoreactivity (IR) are shown. Brain region is indicated on the x axis.
Statistical comparisons for E-F are within each brain region and between-groups. ***, p <
0.001 for APP/PS1-V versus the other treated mice; 1, p < 0.05 for APP/PS1-EGCG/FA versus
APP/PS1-EGCG or APP/PS1-FA mice.
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Combined treatment with the phenolics (-)-epigallocatechin-3-gallate and ferulic
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