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Abstract

Alzheimer disease (AD) brain is characterized by extracellular plaques of amyloid 8 (AB) peptide with reactive microglia. This
study aimed to determine whether a dietary intervention could attenuate microgliosis. Memory was assessed in 12-mo-old
male amyloid precursor protein/presenilin 1 (APP/PS1) transgenic mice via Barnes maze testing followed by division into
either a control-fed group provided free access to normal chow and water or a treatment group provided free access to
normal chow and drinking water supplemented with pomegranate extract (6.25 mL/L) for 3 mo followed by repeat Barnes
maze testing for both groups. Three months of pomegranate feeding decreased the path length to escape of mice compared
with their initial 12-mo values (P < 0.05) and their control-fed counterparts (P < 0.05). Brains of the 3-mo study pomegranate-
fed mice had lower tumor necrosis factor a (TNF-a) concentrations (P < 0.05) and lower nuclear factor of activated T-cell
(NFAT) transcriptional activity (P < 0.05) compared with controls. Brains of the 3-mo pomegranate or control mice were also
compared with an additional control group of 12-mo-old mice for histologic analysis. Immunocytochemistry showed that
pomegranate- but not control-fed mice had attenuated microgliosis (P < 0.05) and AB plaque deposition (P < 0.05) compared
with 12-mo-old mice. An additional behavioral study again used 12-mo-old male APP/PS1 mice tested by T-maze followed by
division into a control group provided with free access to normal chow and sugar supplemented drinking water or a treatment
group provided with normal chow and pomegranate extract-supplemented drinking water (6.25 mL/L) for 1 mo followed by
repeat T-maze testing in both groups. One month of pomegranate feeding increased spontaneous alternations versus
control-fed mice (P < 0.05). Cell culture experiments verified that 2 polyphenol components of pomegranate extract,
punicalagin and ellagic acid, attenuated NFAT activity in a reporter cell line (P < 0.05) and decreased AB-stimulated TNF-a

secretion by murine microglia (P < 0.05). These data indicate that dietary pomegranate produces brain antiinflammatory

effects that may attenuate AD progression.
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Introduction

One of the defining histopathology of the Alzheimer disease
(AD)* brain is the age-associated progressive accumulation of
amyloid B (AB) peptide—containing plaques (1,2). However,
abundant reactive microglia are also invested within the
plaques (3,4), and AB serves as a potent activating stimulus
for these cells (5-8). This is of particular interest because
retrospective epidemiologic studies have varyingly reported
that the select antiinflammatory therapies are efficacious
at decreasing the risk of AD at least during the early or
asymptomatic stages of disease (9-12). This suggests that
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limiting microglial activation during particular times with
select reagents may be a promising therapeutic strategy for AD.

4 Abbreviations used: AD, Alzheimer disease; AB, amyloid B; AP-1, activator protein 1;
apoE, apolipoprotein E; APP, amyloid precursor protein; BACE, B-site APP cleavage
enzyme; C-12, 3-month study, 12-month-old control mice; C-15, 3-month study,
15-month-old control mice; CD68, cluster of differentiation 68; Co-12, 1-month
study, 12-month-old control mice; Co-13, 1-month study, 13-month-old control mice;
GFAP, dlial fibrillary acidic protein; HNE, 4-hydroxy-2-nonenal; IL, interleukin; 1B,
nuclear factor of « light polypeptide gene enhancer in B-cell inhibitor; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-«B, nuclear fac-
tor k-light-chain-enhancer of activated B cells; NFAT, nuclear factor of activated T
cells; NFATc1, nuclear factor of activated T cells cytoplasmic 1; NFATc2, nuclear
factor of activated T cells cytoplasmic 2; p-, phosphorylated; P-12, 3-month study,
pomegranate-fed 12-month-old mice; P-15, 3-month study, pomegranate-fed
15-month-old mice; Po-12, 1-month study, pomegranate-fed 12-month-old mice; Po-13,
1-month study, pomegranate-fed 13-month-old mice; POMx, pomegranate extract in
drinking water; PS1, presenilin 1; PSD95, postsynaptic density protein 95; TNF-a, tumor
necrosis factor a; TPA, 12-O-tetradecanoylphorbol-13-acetate; 12, untreated 12-month
control mice.
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Increased numbers of morphologically reactive microglia are
a well-characterized histologic observation from AD brains
compared with control brains without dementia (13,14). A
common approach for modulation of immune cell phenotype is
to attenuate the activity of the transcription factor, nuclear
factor of activated T cells (NFAT). NFAT is as a member of the
REL family of transcription factors crucial to the regulation of
select proinflammatory genes, such as interleukin (IL)-2 and
tumor necrosis factor a (TNF-a) (15). Two groups of differently
regulated NFAT transcription factor isoforms have been so far
identified: 1) Ca**/calcineurin-activated isoforms and 2) a tonicity-
controlled isoform (16). Although various NFAT isoforms are
expressed in immune and nonimmune cells, the Ca**/calcineurin-
activated NFAT isoforms play key roles in regulating immune
cell phenotype (17,18). NFAT expression has also been doc-
umented in neurons and astrocytes (19-23). Neuronal NFAT
can regulate axonal growth (19), survival (21), or apoptosis (20)
during development. On the other hand, astrocytic NFAT is
reportedly involved in initiation and maintenance of injury-,
disease-, and aging-mediated neuroinflammatory processes (22—
24). Surprisingly, very little is known about NFAT expression
and function in microglia despite the fact that it is the resident
immune cell type in the brain. We (25), as well as others (26,27),
demonstrated that microglia also express NFAT, and it behaves
as an immunomodulatory transcription factor similar to its role
in other immune cells. Specifically, stimuli of microglia or other
immune cells that elevate intracellular Ca** concentrations lead
to activation of calcineurin, which dephosphorylates inactive
cytosolic NFAT, allowing it to translocate to the nucleus where it
forms a complex with the activator protein 1 (AP-1) family of
transcription factors (Fos/Jun) to regulate pro- and antiinflam-
matory gene transcription (28). Therefore, calcineurin inhibi-
tory agents such as cyclosporine or FK506 have gained clinical
utility as immunomodulators via their indirect ability to inhibit
NFAT (29,30). However, the adverse side effects of these agents
during prolonged treatment regimens, including severe renal
toxicity, decrease their attractiveness for treating the millions of
elderly patients suffering from AD (31). On the other hand,
several small-molecule agents have been identified that directly
prevent NFAT activity by binding calcineurin in or near the
NFAT binding site to attenuate NFAT-calcineurin interaction
(32-34).

To identify novel NFAT inhibitory agents for use as potential
antiinflammatory agents in treating AD, we have relied on the
recent demonstration that punicalagin, a polyphenol derived
from pomegranate extract, attenuates NFAT activity in vitro
(35). In addition, both punicalagin and ellagic acid, another
polyphenol component of pomegranate extract, attenuate BACE
activity (36), and BACE expression is reportedly NFAT-
dependent (37). Based upon the fact that punicalagin and ellagic
acid are available in rodent plasma after oral ingestion (38), we
hypothesized that dietary pomegranate extract or its purified
polyphenol components will not only inhibit NFAT activity and
microglial activation in vitro but also demonstrate inhibitory,
antiinflammatory activity in vivo using an amyloid precursor
protein/presenilin 1 (APP/PS1) transgenic mouse model of AD.

Materials and Methods

Materials. The anti-NFATc2, anti-phosphorylated (p-) NFAT¢2, and
anti-a-tubulin antibodies were purchased from Santa Cruz Biotechnol-
ogy. The anti-cluster of differentiation 68 (anti-CD68) antibody was
obtained from AbD Serotec. The anti-synaptophysin and anti-gIII-
tubulin antibodies were purchased from Chemicon. The anti-glial
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fibrillary acidic protein (anti-GFAP) antibody was purchased from
Sigma. The anti-postsynaptic density protein 95 (anti-PSD95), anti- nu-
clear factor of k light polypeptide gene enhancer in B-cell inhibitor (anti-
IkB), anti-p-IkB, and anti-8 site APP cleavage enzyme (anti-BACE)
antibodies were obtained from Cell Signaling. The anti-nitrotyrosine
antibody was purchased from Enzo Life Science. The anti-AB (4G8)
antibody was obtained from Covance. The anti-APP antibody was
purchased from Invitrogen, Life Technologies. The anti-4-hydroxy-
2-nonenal (anti-HNE) Michael adduct antibody was purchased from
EMD Millipore.

Pomegranate extract. Pomegranate extract (POMx) was obtained
from POM Wonderful LLC. A single serving of 240 mL (8 oz) of
pomegranate juice reportedly contains 34 g of sugars, 35 g of other
carbohydrates, 30 mg of sodium, 430 mg of potassium, 0% vitamin C or
A, 4% calcium, 2% iron, anthocyanins (387 mg/L), punicalagins (1561
mg/L), ellagic acid (121 mg/L), and other tannins (417 mg/L) (39). The
POMx liquid extract used in this study is reportedly prepared as
described (40). Briefly, after juice is pressed from the whole fruit, the
seeds are removed from the remaining portions, which are then screw
pressed and enzymatically treated to solubilize polyphenol compounds.
The material is concentrated and filtered to produce the extract that is
further concentrated and pasteurized. Two hundred forty milliliters of
the POMXx is reported to contain 776 mg of gallic acid equivalents, which
include hydrolysable tannins such as punicalagin, punicalin, ellagic acid,
and anthocyanins (41). Human studies indicate that ellagic acid but not
punicalagin is bioavailable in plasma (39,42,43). The ingestion of
pomegranate juice containing 25 mg of ellagic acid and 318 mg of
punicalagin results in a maximum plasma concentration (Cmax) of 31—
33 ng/mL at 1 h postingestion (42,43). However, rodent studies indicate
that both ellagic acid and punicalagin can be absorbed into plasma after
oral delivery (44,45).

Animals. Mouse use was approved by the University of North Dakota
Institutional Animal Care and Use Committee. Only male C57BL/6
APPswe/PS1dE9 mice were used in this study. The mice were bred and
raised at the University of North Dakota. Mice were fed 8640 Teklad 22/5
rodent diet “normal chow” (22% crude protein, 5.5% fat, 3.9% crude
fiber, 3.0 kcal/g energy density, 29% calories from protein, 17% calories
from fat, 54% calories from carbohydrate) and maintained on a 12-h
light/dark cycle. Original founder animals for the colony were purchased
from the Jackson Laboratory (005864). We used the mice at 12 mo of
age after we observed that significant disease pathology and behavioral
deficit had occurred (46). These APP/PS1 transgenic mice express the
human APP, AB precursor protein (A4) with the Swedish mutations
K595N/M596L and the human PSENI, presenilin 1 with the DeltaE9
mutation under control of the mouse prion promoter.

Treatment groups. The study was designed to behaviorally address
longitudinal changes with age and pomegranate feeding by using the
APP/PS1 mice at a starting age of 12 mo followed by 1 or 3 mo of
treatment. Although consumption of water, POMx, and weight were not
measured during the treatment periods, daily assessments of animal
health were monitored. For the 3-mo study, all mice at 12 mo of age were
randomized into 2 groups with 7 = 4 mice [control 12-mo-old (C-12) or
pomegranate 12-mo-old (P-12) mice] before any treatments began. All of
the mice were then Barnes maze tested. After the testing, the control
group was maintained for 3 mo to an age of 15 mo on their normal free-
access diet of chow and water [control 15-mo-old (C-15)], whereas the
pomegranate group was provided chow plus daily free access to 6.25
mL/L of POMx (POMx treatment) in their drinking water for 3 mo to an
age of 15 mo [pomegranate 15-mo-old (P-15)]. The 3-mo period was
based on a prior study demonstrating that a similar time course was
sufficient to ameliorate atherogenic effects in the apolipoprotein E
deficient (apoE™'") mouse model (40). Upon completion of the 3-mo
period, mice were repeat tested on the Barnes maze, mice were sacrificed
by carbon dioxide inhalation and exsanguination, then brains and
spleens were collected from both groups for performing NFAT activity
assays and cytokine ELISA analyses. To examine age-related histologic
and biochemical changes in the brains during the disease process from 12 to



15 mo of age, an additional group of control 12-mo-old male APP/PS1 mice
(12) from the colony was collected. The mice also had free access to normal
chow and drinking water and therefore were comparable to both the C-12
and P-12 groups. They were collected to compare with the C-15 and P-15
groups. This group of mice is designated throughout as “12” to differentiate
from C-12. An additional 1-mo study was performed to provide another
behavioral analysis. Another group of male APP/PS1 mice were taken at
12 mo of age and randomized into 2 groups [# = 6/group; control 12-mo-old
(Co-12) and pomegranate 12-mo-old (Po-12)]. Mice were T-maze tested,
then control mice were provided daily free access to normal chow and added
sugar in their drinking water (11.9% sucrose, 1.05% glucose, and 1.05%
fructose) for 1 mo [control 13-mo-old (Co-13)]. Pomegranate-fed mice were
also provided daily free access to normal chow but with added POMx (6.25
mL/L) in their drinking water (POMXx treatment) for 1 mo [pomegranate
13-mo-old (Po-13)]. Mice were repeat tested in the T-maze after the 1 mo of
treatment. Brains and spleens were not collected for subsequent analysis
from these animals because they were only used to determine whether 1 mo
of feeding was sufficient to produce behavioral change.

Primary microglia culture. Microglia were derived from postnatal day
1 to postnatal day 2 C57BL/6 mouse brains as described previously (47).
Microglia purity was routinely verified at >98% by CD68 immunoreac-
tivity. Microglia were treated in serum-free media DMEM/F12 (catalog
no. 12400-024) from Gibco Life Technologies overnight for 24 h with or
without stimulation with 10umol/L AB, 10umol/L ellagic acid, or
10pumol/L punicalagin; cells or media were then collected for subsequent
analyses. AB amino acids 1-42 fibril preparations were performed as in
our prior work (8).

Barnes maze assessment for 3-mo treatment study. To assess
spatial learning and memory in the transgenic APP/PS1 mice with and
without POMx treatment, the 12-mo-old male mice (C-12 and P-12)
were used for Barnes maze trials before any dietary modification and
then again at 15 mo (C-15 and P-15) after treatment. This behavioral
paradigm provides mice with a large circular table with perimeter holes
to explore, with only 1 hole leading to an escape box, while a bright light
is projected onto the table as a motivational stimulus. Briefly, at the
beginning of each testing period (12 mo, 15 mo) mice were given an
adaptation period to explore the maze and were gently guided to the
escape hole. This was followed by a spatial acquisition period to assess
learning in which the mice were given 4 timed trials per day for 4 d to
identify the correct escape hole. Assessment of long-term and short-term
reference memory was made by testing mice on the maze on d § after the
last acquisition trial (short-term) and again on d 12 (long-term).
Statistical comparisons were made across ages and treatment groups
comparing latency to escape, path length to escape, and number of errors to
escape. After the final Barnes maze assessment at 15 mo, brains were either
perfusion fixed for histology or flash-frozen for biochemical analyses.

T-maze assessment for 1-mo treatment study. A T-maze was used to
assess the working memory in male 12-mo-old transgenic APP/PS1 mice
before (Co-12 and Po-12) and after 1 mo of control (Co-13) or POMx (Po-
13) feeding. Mice were placed on the T-maze starting platform, and the entry
door was then raised to allow the mice to walk down the stem and choose an
arm. Once a choice was made, identified by the presence of all 4 feet in an
arm, the mice were returned to the starting platform for 30 s before the door
was raised to allow exploration again. The arm selection steps were repeated
9 times to allow recording of the number of entries into each arm.

Western blotting of 3-mo study mice. Western blot analyses of hip-
pocampal regions from treated mice were performed to assess specific changes
in AD-associated variables using anti-synaptophysin, PSD95, nitrotyrosine,
HNE-adduct, IxB, p-IxkB, CD68, GFAP, NFAT ¢2, and p-NFATc2 antibodies.
The OD of all signals was normalized to their respective loading controls by
using anti-BIlI-tubulin or a-tubulin antibodies.

Immunohistochemistry of 3-mo study mice. The fixed brains were
cryoprotected, serially sectioned (40um), and immunolabeled by using
anti-CD68, AB (4G8), and GFAP antibodies with Vector VIP (Vector
Laboratories, Inc.) as the chromogen. To quantify AB immunoreactivity,

ODs of serial brain sections containing the entire hippocampus (4 sections/
brain, 4 brains/condition) were used (46). All immunostains of brains were
performed together to minimize variability in staining processing from day
to day to allow accurate comparisons. 1.25X images were taken from 4
consecutive serial sections (960um apart) throughout the brain containing
the CA1, CA3, and dentate gyrus hippocampal regions. ODs of the
individual regions from each section were measured by using Adobe
Photoshop software (Adobe Systems). Each region was identified via
marquee, and the same size marquee was applied to all sections per region
and condition (4 sections/brain, 4 brains/condition).

ELISA of 3-mo study mice. Flash-frozen brains and spleens from
treated mice were pulverized and lysed to perform ELISAs from tissue
lysate. Alternatively, media were collected from 24-h stimulated microglia
for ELISAs. Commercial ELISAs were used to quantitate concentrations of
TNF-a, IL-18, or IL-6. All mouse cytokine ELISA kits, IL-18 (catalog no.
88-7910-PL), IL-6 (catalog no. 88-7064-CP2), and TNF-a (catalog no.
SMTAO00) were purchased from R&D Systems (for TNF-«) and
eBioscience (for IL-18 and IL-6). Cytokine values were normalized to
wet weight of tissue for tissue analysis.

MTT reduction assay. The 3-(4,5-dimethylthiazol-2-yl (MTT) assay
was used to determine changes in microglial viability with the use of 3[4,5-
dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide (100ug/mL; cat-
alog no. M-2128) purchased from Sigma, which we dissolved in DMEM/
F12. After the 24-h stimulations, media were removed for ELISA and the
cells were incubated with MTT for 4 h. The media were aspirated and the
reduced formazan precipitate was dissolved in isopropanol. Absorbance
values were read at 560/650 nm via plate reader.

HeLa/NFAT-luc stable cell line culture and luciferase assay. Hela/
NFAT-luc cells were purchased from Panomics to measure NFAT
response element—directed luciferase expression. Cells were grown in
DMEM supplemented with 10% FBS, 100 units/mL penicillin, 100ug/mL
streptomycin, and 100ug/mL hygromycin B. Cells were pretreated with
0.1 umol/L-100 umol/L punicalagin, 0.1 wmol/L-100 pwmol/L ellagic
acid, or 0.01-10% POMx for 30 min and then stimulated with or
without 500 nmol/L 12-O-tetradecanoylphorbol-13-acetate (TPA) +
ionomycin for 6 h. Stimulated cells were then harvested in reporter lysis
buffer, and the lysate luciferase activity was measured by using a
commercial luciferase reporter assay system (catalog no. E4550) accord-
ing to the manufacturer’s protocol (Promega Corp.). Values were
normalized to their respective protein concentrations.

NFATc1 transcription factor activity assay of 3-mo study mice.
NFAT c1 transcription factor activity assays were performed by using the
96-well plate-based TransAm NFATc1 Transcription Factor Assay kit
(Active Motif) according to the manufacturer’s protocol. Mouse hip-
pocampal or spleen nuclear lysates were prepared from treated animal
tissue for use in activity assay analyses. The activity of NFATc1 was
measured by using a microplate reader at 450 nm.

Statistical analysis. Behavioral data (Barnes maze and T-maze) were
analyzed by using a 2-way repeated-measures ANOVA (1-factor repeti-
tion) with a Holm-Sidak post hoc test. When comparing only between
groups C-15 and P-15, data were analyzed by using a ¢ test. To compare
differences in group 12 vs. C-15 vs. P-15, the data were analyzed via a
1-way ANOVA with a Tukey post hoc test or a Kruskal-Wallis 1-way
ANOVA when variances were unequal. A 2-way ANOVA with the Holm-
Sidak post hoc test was used to compare luciferase activities between TPA
and pomegranate polyphenol treatments. Data are expressed as means =
SDs, and significance was considered at P < 0.05. All statistical analyses
were performed by using Sigma Plot 12.0 statistical software.

Results

POMXx feeding was sufficient to improve Barnes maze
behavioral performance in a 3-mo study of APP/PS1 mice.
The 3-mo treatment study demonstrated that POMx-treated

Antiinflammatory effects of pomegranate in AD 599



mice (P-15) had a significantly shorter path length to escape on
the Barnes maze compared with both their 12-mo performance
(P-12) as well as the 3-mo control group (C-15) (Fig. 1A).
However, P-15 mice had no difference in their number of errors
to escape compared with any group (Supplemental Fig. 1).

POMx feeding was sufficient to improve T-maze behav-
ioral performance in 1-mo study APP/PS1 mice. As further
validation of behavioral change, a separate 1-mo, shorter
feeding paradigm of 30 d of POMx treatment in the APP/PS1
mice was performed. One month of pomegranate feeding (Po-
13) was sufficient to improve their behavioral performance
compared with control sugar-water—fed mice (Co-13) as assessed
by the number of alternations on the T-maze (Fig. 1B).

Three months of POMx feeding inhibited NFATc1 activa-
tion in the APP/PS1T mouse model of AD. As expected,
POMx treatment significantly decreased NFATc1 activity in
both the hippocampus and spleen in P-15 compared with C-15
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FIGURE 1 Learning ability in male APP/PS1 transgenic mice

supplied with or without 0.625% pomegranate in their normal drinking
water for 3 mo of treatment (A) or supplied with 11.9% sucrose,
1.05% glucose, and 1.05% fructose or 0.625% pomegranate in their
normal drinking water for 1 mo of treatment (B). For the 3-mo study
(A), path lengths to the escape hole are graphed for each time point
and each condition (C-12, P-12, C-15, and P-15). For the 1-mo study
(B), T-maze analyses of numbers of alternations are graphed for each
group (Co-12, Po-12, Co-13, and Po-13). Values are means = SDs, n =
4 (A) or 6 (B). Means within a group without a common letter differ,
P < 0.05. APP/PS1, amyloid precursor protein/presenilin 1; C-12,
3-month study, 12-month-old control mice; C-15, 3-month study,
15-month-old control mice; Co-12, 1-month study, 12-month-old
control mice; Co-13, 1-month study, 13-month-old control mice; P-12,
3-month study, pomegranate-fed 12-month-old mice; P-15, 3-month
study, pomegranate-fed 15-month-old mice; Po-12, 1-month study,
pomegranate-fed 12-month-old mice; Po-13, 1-month study, pome-
granate-fed 13-month-old mice.
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mice (Fig. 2A, B). This demonstrated that 3 mo of dietary
supplementation with POMx was sufficient to attenuate not
only NFAT activity in peripheral organs but also in the brain.

Three months of POMXx feeding attenuated brain cytokine
concentrations. As expected, the concentrations of TNF-a,
both in the hippocampus and spleen, were significantly de-
creased in the P-15 mice compared with the C-15 group (Fig. 2C,
D). It is interesting to note that brain exhibited higher con-
centrations of TNF-a compared with the spleen. This is likely a
reflection of the active gliosis and inflammatory changes that
characterize these mice in response to the massive plaque AB
deposition that occurs in the brain. Surprisingly, POMXx treat-
ment had no effect on concentrations of IL-18 (Supplemental
Fig. 2A, B) or IL-6 (Supplemental Fig. 2C, D) in either tissue type
when comparing P-15 with C-15 mice. Therefore, although a
clear effect of attenuated cytokine concentrations was detected
in brains of POMx-fed P-15 mice, this appeared to be a cytokine-
selective response.

Synaptic markers did not change in APP/PS1 mice fed 3
mo with POMXx. We found no significant differences in pre-
or postsynaptic changes as indicated by the concentrations
of synaptophysin (Supplemental Fig. 3A, B) and PSD95
(Supplemental Fig. 3A, C), respectively, when comparing P-15
with C-15 mice or the 12-mo control group (12).
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FIGURE 2 NFATc1 activation in nuclear extracts and TNF-a con-
centrations in tissue lysates were inhibited in both the spleen and
brain in male APP/PS1 mice supplied with or without 0.625% pome-
granate in their normal drinking water for 3 mo of treatment. Values
are means = SDs, n = 4. *P value provided on graph. APP/PS1,
amyloid precursor protein/presenilin 1; C-12, 3-month study, 12-month-
old control mice; C-15, 3-month study, 15-month-old control mice;
NFATc1, nuclear factor of activated T cells cytoplasmic 1; P-12, 3-
month study, pomegranate-fed 12-month-old mice; P-15, 3-month
study, pomegranate-fed 15-month-old mice.



Three months of POMXx feeding did not attenuate concen-
trations of oxidative damage-related protein markers.
To further investigate the mechanisms of POMx-mediated
behavioral improvement, Western blot analyses of the hippo-
campal lysates from the group of 12-mo-old mice (12) and the
C-15 and P-15 groups were next used to examine changes in
markers of protein and lipid oxidation. Surprisingly, POMx
feeding produced no significant difference in concentrations
of 2 different markers of oxidative damage, protein nitro-
tyrosine or HNE protein Michael adducts between any group
(Supplemental Fig. 4). These results suggested that the im-
proved behavioral performance of POMx-fed animals was not
related to reduced levels of oxidative change or damage in the
brain.

Three months of POMx feeding decreased microgliosis
but not astrogliosis in the APP/PS1 mice. On the basis of the
changes in TNF-a observed, we next assessed whether POMx
treatment altered the microglial or astroglial activation state in
the group of 12-mo-old mice (12) compared with the C-15 and
P-15 groups. Immunohistochemistry and Western blots of
hippocampal brain sections showed that the age- and disease-
associated increase in microglial CD68 concentrations demon-
strated in the C-15 group compared with the 12-mo control
group (12) was attenuated in the P-15 mice (Fig. 3A-C).
However, both P-15 and C-15 groups of mice demonstrated
significantly elevated GFAP concentrations compared with the
12-mo control mice (12) (Fig 3A, B, D). This suggested that
POMx feeding was able to halt progression of at least the
microglial component of gliosis during disease.

POMx feeding for 3 mo decreased AB plaque load in the
APP/PS1 mice. To quantify deposition of A8 peptide—containing
plaques, brain sections from the group of 12-mo-old mice (12)
and the C-15 and P-15 groups of mice were immunostained by
using anti-AB (4G8) antibody. The P-15 group demonstrated a
significant decrease in immunoreactivity in the CA1, CA3, and
dentate gyrus regions compared with the 12-mo-old mice (12)
and a significant decrease in immunoreactivity in CA3 compared
with the C-15 group (Fig. 4). We next assessed whether POMx
feeding could alter BACE or APP protein concentrations to help
explain the decrease in plaque load. Western blot analysis
indicated no change in overall protein concentrations of APP
or BACE in the hippocampus of any treatment group (Supple-
mental Fig. 5). These findings demonstrated that POMx
was able to decrease plaque load in a fashion apparently in-
dependent of APP processing, which might involve increased
clearance.

POMXx feeding for 3 mo suppressed NFATc2 expression in
the APP/PS1 mice. We assumed that some of the effects
observed were a consequence of the attenuated NFAT activity.
As an additional means of assessing activity, we quantified active
concentrations of another isoform, NFATc2, in the 12-mo-old
group (12) compared with the C-15 and P-15 groups of mice. As
expected, POMx feeding significantly increased the concentra-
tions of inactive hippocampal NFAT c2 (p-NFATc2) in the P-15
group of mice compared with both the 12-mo (12) and C-15
groups (Fig. SA, B). Because POMx and punicalagin have
reported NF-«kB inhibitory activity in human intestine Caco-2
cells (48), we also assessed changes in phosphorylated concen-
trations of the NF-«B inhibitory protein, IkB. POMx feeding
decreased the ratio of phosphorylated to nonphosphorylated IkB
in the P-15 group compared with the 12-mo-old (12) and C-15
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FIGURE 3 Microgliosis but not astrogliosis was attenuated in the
brains of male APP/PS1 mice supplied with 0.625% pomegranate in
their normal drinking water for 3 mo of treatment compared with
12- and 15-mo-old male control APP/PS1 mice provided normal drinking
water. (A) Coronal sections were immunostained by using anti-CD68
and anti-GFAP antibodies and representative images of hippocampi are
shown. (B) Western blot analyses of hippocampal lysates and cor-
responding quantitated ODs of CD68 (C) and GFAP (D) bands are
shown. Values are means *= SDs, n = 4. Means without a common
letter differ, P < 0.05. APP/PS1, amyloid precursor protein/presenilin
1; C-15, 3-month study, 15-month-old control mice; CD68, cluster of
differentiation 68; GFAP, glial fibrillary acidic protein; P-15, 3-month
study, pomegranate-fed 15-month-old mice; 12, untreated 12-month-
old control mice.

groups, demonstrating a likely condition of decreased IxkB
degradation and increased inhibition of NF-«xB (Fig. 5A, C).
These data suggested that dietary POMXx is sufficient in these
mice to attenuate activity of 2 critical proinflammatory tran-
scription factors in the brain.

POMXx and its components, punicalagin and ellagic acid,
inhibited NFAT-dependent luciferase activity in vitro.
Although the purpose of this study was not to isolate or identify
a bioactive component of POMXx, per se, we were interested in
at least validating that particular polyphenols of POMx have
true NFAT inhibitory ability. We next compared POMx with
punicalagin and another abundant polyphenol component,
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FIGURE 4 p-Amyloid peptide immunoreactive plaques were de-
creased in male APP/PS1 mice supplied with 0.625% pomegranate in
their normal drinking water for 3 mo of treatment compared with 12-
and 15-mo-old male control APP/PS1 mice provided normal drinking
water. (A) Images of immunostained anti-AB (4G8) were taken from
hippocampi. Quantification of AB immunoreactivity OD in CA1 (B),
CA3 (C), and the dentate gyrus (D) regions of the hippocampi was
performed. Values are means = SDs, n = 4. Means without a
common letter differ, P < 0.05. AB, amyloid B8; APP/PS1, amyloid
precursor protein/presenilin 1; C-15, 3-month study, 15-month-old
control mice; P-15, 3-month study, pomegranate-fed 15-month-old
mice; 12, untreated 12-month-old control mice.

ellagic acid, for their NFAT inhibitory ability. We used a
commercial HeLa/NFAT-luc cell line stably expressing an NFAT
promotor—driven luciferase construct stimulated with phorbol
ester (TPA) and ionomycin in the presence or absence of POMXx,
punicalagin, and ellagic acid. All 3 exhibited a dose-dependent
ability to attenuate NFAT-driven luciferase activity (Fig. 6).
These results verified that POMx as well as at least 2 of its
components, punicalagin and ellagic acid, have a bioactive
action that involves inhibition of NFAT activity.

POMx components, ellagic acid and punicalagin, attenu-
ated microglial proinflammatory cytokine release in vitro.
We next assessed whether punicalagin or ellagic acid were able
to attenuate TNF-a secretion in microglia. To do this primary
murine microglia were cultured and pretreated with or with-
out punicalagin or ellagic acid for 30 min followed by stim-
ulation with AB1-42 fibrils for 24 h. ELISA analysis verified
that AB-stimulated secretion of TNF-a was effectively inhi-
bited by either punicalagin or ellagic acid (Fig. 7). Neither
punicalagin nor ellagic acid affected cell viability (Supplemen-
tal Fig. 6). These findings confirmed that the potent NFAT
inhibitory components of POMx, punicalagin and ellagic acid,
were very effective at attenuating microglial TNF-a secretion
in response to stimulation with fibrillar amyloid, which is
consistent with the known role of NFAT in regulating micro-
glial phenotype.

Discussion

Although we have not suggested a particular bioactive compo-
nent of the POMx responsible for the effects we observed, we
did find a robust antiinflammatory protective effect in the brains
of these AD mouse models simply from free-access dietary

602 Rojanathammanee et al.

ingestion of POMx. These results supported similar conclusions
from prior studies that oral POMx is sufficient to improve
memory-related behavioral performance and decrease plaque
load in another AD transgenic mouse model (49) or in response
to acute AB brain injection (50). Our selection of the particular
commercial POMx, POM Wonderful brand, was based on the
reported consistency of batch-to-batch preparation and the
polyphenol content from this source (51,52) as well as the fact
that this particular liquid concentrate extract has been used in
humans to demonstrate increased plasma ellagic acid concen-
trations after consumption (41,42).

The antiinflammatory action of dietary POMx has been
reported in a variety of studies using a plethora of different
model systems (48,53-55). The mechanism responsible or the
precise bioactive component remains unclear. There are numer-
ous studies documenting the ability of POMx or its polyphenols
such as punicalagin to attenuate inflammatory conditions
through mechanisms as diverse as inhibition of proinflammatory
cytokine transcription (35,48,56) to antioxidant protection
(51,52,57-59) to modulation of microbiota (60,61). We have
expanded prior work demonstrating benefits of POMx in 2
different AD mouse paradigms (49,50) by now providing a
mechanistic linkage to antiinflammatory effects in the brain.
By using an APP/PS1 line we observed significant behavioral
improvement from POMx feeding, which correlated with
decreased microgliosis, NFAT activity, and brain TNF-«
concentratons. On the basis of our observations of the ability
of punicalagin and ellagic acid to inhibit NFAT activity and
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FIGURE 5 Concentrations of active NFATc2 were decreased and
concentrations of IkB were increased in brains of male APP/PS1 mice
supplied with 0.625% pomegranate in their normal drinking water for
3 mo of treatment compared with 12- and 15-mo-old male control
APP/PS1 mice provided normal drinking water. (A) Western blot
analyses of hippocampal lysates and corresponding quantitated ODs
of p-NFATc2 (B) and p-IkB (C) were normalized against NFATc2 and
IkB, respectively. OD values = SDs were averaged and graphed, n = 4.
Means without a common letter differ, P < 0.05. APP/PS1, amyloid
precursor protein/presenilin 1; C-15, 3-month study, 15-month-old control
mice; |kB, nuclear factor of k light polypeptide gene enhancer in B-cell
inhibitor; NFATc2, nuclear factor of activated T cells cytoplasmic 2; p-,
phosphorylated; P-15, 3-month study, pomegranate-fed 15-month-old
mice; 12, untreated 12-month-old control mice.
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FIGURE 6 NFAT activity in Hela cells stimulated with or without
TPA and ionomycin was inhibited by treatment with pomegranate
extract and its components, punicalagin and ellagic acid. Values are
means * SDs, n = 3. Means within a group without a common letter
differ, P < 0.05. C, control; NFAT, nuclear factor of activated T cells;
TPA, 12-O-tetradecanoylphorbol-13-acetate; V, vehicle.

cytokine secretion in vitro, we predict that some component of
the extract, such as punicalagin or ellagic acid, is absorbed and
able to enter the brain to inhibit microglial activation via
attenuation of, particularly, NFAT activity. Indeed, prior work
has validated that ellagic acid can be directly taken up into cells,
supporting the notion that it can function intracellularly to
directly inhibit NFAT (62). However, we have not ruled out the
possibility that these large polyphenol molecules may also act
extracellularly to exert their antiinflammatory action. For
instance, a recent study indicated that punicalagin can directly

interact with cytokines to perhaps behave as a molecular trap to
attenuate cytokine stimulation of cells (53).

Prior work in rodents has demonstrated that both punicala-
gin and ellagic acid are readily absorbed and found in at least the
plasma, suggesting that it is feasible that brain penetration
occurred (38). In addition, although plasma punicalagin con-
centrations do not reportedly increase after POMx consumption
(63,64), several studies have reported an increase in particularly
ellagic acid concentrations after POMx ingestion in humans
(41,42). Because a number of microflora-derived metabolites are
generated from the ingested polyphenols in POMx, there are
actually numerous molecules that likely enter the blood and
possibly the brain after ingestion that could have contributed to
the effects observed (38,41,42,45,56). For this reason, our intent
with this initial study was not to isolate and validate a particular
bioactive extract molecule or metabolite. Instead, we intended
to demonstrate that the antiinflammatory action of dietary
POMx was not limited to peripheral organs but could extend
even to the brain. This was demonstrated via the decrease in
microgliosis, NFAT activity, and TNF-a concentrations. Future
work will identify what component(s) from ingestion of a
standardized extract of pomegranate are detectable in the
plasma and brain and are responsible for the effects observed.

Although extract feeding produced behavioral improvement,
it is not clear precisely how this occurred. For example, the
decrease in TNF-a concentrations might have been responsible
for the improvement. Prior studies have demonstrated that at-
tenuation of TNF-a action in the brain results in rapid behav-
ioral improvement in AD subjects (65). On the other hand, the
slight but significant decrease in plaque load might also have
contributed to the behavioral improvement. On the basis of the
current data set it is difficult to explain the mechanism of
decreased plaque density as well. Although we were unable to
measure activities of 8 or 7y secretases or assess rates of AB
production and clearance in the current work, a future study
assessing these variables will at least shed insight into whether or
not the POMx modulated common variables of A production.

It is curious that only TNF-a concentrations were attenuated
in the spleen and brain of the pomegranate-fed mice because the
in vitro data showed that POMXx, punicalagin, or ellagic acid all
potently inhibit NFAT activity and cytokine secretion. On the

800+ Ap P=0.016
7004 a Treatment P=0.003
Afx Treatment P<0.001

TNF-a (pg/mL)

AB 10uM[ + # s m =
10uM punicalagin| - + + o o
10uM ellagic acidl - - - + +

FIGURE 7 TNF-a release from primary murine cortical microglia
cultures stimulated with or without AB was inhibited by treatment
with pomegranate extract components, ellagic acid and punicalagin.
Values are means *+ SDs, n = 3-8. Means within a group without a
common letter differ, P < 0.05. AB, amyloid B; C, control; TNF-a,
tumor necrosis factor «; V, vehicle.
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other hand, work from others has also reported cytokine-specific
regulatory effects of POMx and punicalagin using human Caco-
2 cells (53). Even without a broad cytokine inhibitory action, the
therapeutic benefits of POMx for neuroinflammatory conditions
are likely to be myriad. Elevated TNF-a concentrations in the
brain are implicated in adverse outcomes in conditions ranging
from stroke (66) to injury (67) to multiple sclerosis (68) and
Parkinson disease (69). This suggests that the therapeutic ben-
efits of dietary POMx can be extended to a range of central
nervous system inflammatory conditions.

Although we predict that a component of the ingested extract
was absorbed into the plasma and entered the brain to inhibit
microglial NFAT or NF-«B activity to attenuate TNF-a secretion,
this linear cause-and-effect relationship has not yet been estab-
lished and requires future work. We focused the study on advanced
stages of disease in the mouse model when there was already
abundant microgliosis and plaque deposition. It will be interesting
for translation to human use to determine whether earlier
intervention will delay disease onset. It is not difficult to imagine
prolonged use of a standardized, mechanistically validated dietary
supplement at early ages to slow the progression of AD.
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