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Abstract

Age-related declines in motor function may be due, in part, to an increase in oxidative stress in the
aging brain leading to dopamine (DA) neuronal cell death. In this study, we examined the
neuroprotective effects of natural antioxidants resveratrol and pinostilbene against age-related
DAergic cell death and motor dysfunction using SH-SY5Y neuroblastoma cells and young,
middle-aged, and old male C57BL/6 mice. Resveratrol and pinostilbene protected SH-SY5Y cells
from a DA-induced decrease in cell viability. Dietary supplementation with resveratrol and
pinostilbene inhibited the decline of motor function observed with age. While DA and its
metabolites (DOPAC and HVA), dopamine transporter, and tyrosine hydroxylase levels remain
unchanged during aging or treatment, resveratrol and pinostilbene increased ERK1/2 activation in
vitroand in vivoin an age-dependent manner. Inhibition of ERK1/2 in SH-SY5Y cells decreased
the protective effects of both compounds. These data suggest that resveratrol and pinostilbene
alleviate age-related motor decline via the promotion of DA neuronal survival and activation of the
ERK1/2 pathways.
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1. Introduction

Physical performance contributes to the overall quality of life and declines with age. For
example, balance and walking speed decline with aging, leading to a decrease in daily
activities and a higher incidence of institutionalization and mortality. [1-4] The number of
injuries due to falls also increases as a person ages, most likely from deficits in motor
coordination. [5] However, there are few treatments for motor impairments that occur with
non-diseased aging.

One hypothesis for the pathology that underlies age-related motor deficits is that there is an
increase in oxidative stress with age that leads to an increase in neuronal cell death. [6-11]
Dopamine (DA) neurotransmission plays an integral role in the coordination of voluntary
movements and DA neurons are particularly sensitive to oxidative stress. [12—-14] Therefore,
we hypothesize that administration of antioxidants will protect DA neurons from oxidative
stress-induced cell death and thereby improve motor function and physical activity with age.

Resveratrol, an antioxidant found in many foods, including grapes and blueberries, has been
shown to increase the latency to fall on the rotarod. [15, 16] Additionally, a report in non-
human primates showed that resveratrol treatment increased spontaneous activity. [17] One
of the limitations to the use of resveratrol is that it has limited bioavailability. [18-20]
Therefore, methylated resveratrol analogs with greater bioavailability have gained interest as
potential antioxidant treatments. One such analog, pinostilbene, has been shown to protect
neurons against oxidative stress /n vitro and in vivo. [21] While there are multiple proposed
mechanisms for resveratrol-mediated cell survival, the mechanisms behind the protective
effects of pinostilbene are not well defined.

Signaling pathways that resveratrol has been shown to modulate are the extracellular signal-
regulated kinases 1 and 2 (ERK1/2) pathways. ERK1/2 are members of the mitogen-
activated protein kinase (MAPK) family that have been shown to play a critical role in cell
survival in response to oxidative stress, both in PC12 cells and primary cortical neurons. [22,
23] Moreover, activation of ERK1/2 protect against hypoxia-induced cell death in primary
cortical cultures [24] and H,O,-mediated cell death in primary striatal cell cultures. [23]
While the mechanism for pinostilbene-induced neuroprotection remains unclear, resveratrol
has been shown to both activate [25-27] and inhibit [28-30] the ERK1/2 pathways to
provide neuroprotection. Until now, the effect of pinostilbene on ERK1/2 activation has not
been reported.

In the current study, we investigated the effects of resveratrol and pinostilbene on dopamine
induced cell death of SH-SY5Y cells and age-related motor deficits. Furthermore, we
examined the role of the ERK1/2 signaling cascades in resveratrol and pinostilbene-
mediated protection. Finally, we measured DA content and markers of DA neurons in the
striatum and substantia nigra (SN) of C57BL/6 male mice. Because the DAergic neuronal
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systems play an integral role in voluntary motor functions and the paucity of therapies for
motor deficits noted with aging, we aimed to investigate the potential mechanism of
compounds that may alleviate these deficits. This study suggests that natural products that
protect DA neurons from oxidative stress may be novel interventions for age-related motor
decline.

2. Materials and methods

2.1 Experimental design and treatments

Resveratrol was purchased from ChemPacific, Baltimore, MD. Pinostilbene was synthesized
by Dr. Cassia Mizuno in Dr. Agnes Rimando’s laboratory following published procedures.
[31] Stock solutions of resveratrol and pinostilbene were made in DMSO (Sigma Aldrich)
and further diluted in serum-free media. SH-SY5Y cells were treated with 1 or 5 uM of
resveratrol, pinostilbene or DMSO (vehicle for resveratrol and pinostilbene). DA (Sigma
Aldrich) was dissolved in sterile water to an initial concentration of 100 mM. Following
treatment with resveratrol, pinostilbene, or DMSO (30 min), SH-SY5Y cells were treated
with DA (50, 100, or 200 pM) or H,O (vehicle for DA) for 24 hrs. U0126 (Cell Signaling)
was dissolved in DMSO to an initial concentration of 10 mM. Cells were treated with U0126
(10 uM) or DMSO (vehicle) 1 hr prior to resveratrol treatment/90 min prior to DA treatment.

2.2 Cell Culture

2.3 Animals

SH-SY5Y cells (ATCC, Manassas, VA) were grown on 10cm cell culture plates (Sarstedt;
Newton, NC) in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Carlsbad, CA) with
10% heat-inactivated fetal bovine serum (FBS; Atlanta Biological, Lawrenceville, GA),
0.1% Uridine (Sigma Aldrich; St. Louis, MO), 0.1% Pyruvate (Sigma Aldrich), and 1%
penicillin/streptomycin (Gibco). Cells were maintained at 37°C with 5% CO». Cells were
plated at a density of 1.5 x 104 cells per well for 96-well plates and 6.0 x 10° cells per 35
mm plate.

Young (2 m.o.), middle-aged (10 m.0.), and old (22 m.0.) male C57BL/6 mice obtained from
the NIA aging colony (Charles River, New York, NY) were maintained in temperature-
controlled rooms in the barrier facility maintained by Duquesne University. Animals were
housed in accordance with Guidelines for the Care and Use of Animals, at 23°C with lights
on between 7 am and 7 pm. Animals were fed and watered ad /ibitum, and the woodchips in
their cages changed every other day. Full-time trained animal care personnel performed all
animal handling and maintenance. The directors of the Duquesne University animal facilities
and veterinarians supervised animal care. All animal care was overseen by the Institutional
Animal Care and Use Committee (IACUC).

2.4 Dietary supplementation

Mice were given 6 g of resveratrol- or pinostilbene-supplemented diet (120 mg
compound/kg of diet; 0.72 mg/day/mouse) per day for eight weeks. The diets were prepared
at Harlan Teklad (Madison, WI) by adding crystalline resveratrol (TCl America, Waltham,
MA\) or pinostilbene (synthesized by Dr. Cassia Mizuno, ARS USDA facility, University,
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MS) to the control diet of Purina Rodent Chow (~0.54 mg resveratrol or pinostilbene/day/
mouse). Food was placed on the floor of the cage so there was adequate access for all age
groups. Body weight (in grams) and food intake (in grams) were measured each morning

when a new supply of food was given.

2.5 Cell Death Assays

SH-SY5Y cells were analyzed using the Cell Titer Glo Luminescent Cell Viability Assay
(Promega, Madison, WI) as per manufacturer’s protocol. Luminescence was recorded using
a microplate reader (Perkin Elmer, Waltham, MA).

2.6 Behavioral analyses

Cylinder test for spontaneous activity—Animals were tested for spontaneous activity
using a cylinder test as previously described. [32, 33] For these experiments, a small,
transparent, Plexiglas cylinder (height 15.5 cm, diameter 12.7 cm) and were videotaped for 3
min. Videos were rated for forelimb steps, hind-limb steps, rears, and time spent grooming
by an investigator blinded to the treatments.

Challenging beam test for motor coordination—Animals were tested on the
challenging beam to assess motor coordination and balance as previously described. [34-37]

2.7 Tissue processing

Mice were sacrificed 24 hr following the last behavioral test, and the striatum and
hippocampus were rapidly dissected, frozen on dry ice, and stored at —80°C until assayed.
The hindbrain was stored in fix solution (4% formaldehyde/4% NaF in PBS) for one week
and then changed to a 30% sucrose solution in 1XPBS. Samples were sonicated in 0.1N
perchloric acid (20 ul/mg wet tissue weight) for analysis of DA levels or in ice-cold lysis
buffer (20 mM Tris, pH 6.8, 137 mM NaCl, 25 mM B-glycerophosphate, pH 7.14, 2 mM
NaPPi, 2 mM EDTA, 1 mM NagVOy, 1% Triton X-100, 10% glycerol, 5 pg/ml leupeptin, 5
ug/ml aprotinin, 2 mM benzamidine, 0.5 mM DTT and 1 mM PMSF) for Western blot
analysis.

2.8 High Performance Liquid Cromatography

Striatal tissue was analyzed for DA, DOPAC, and HVA content as previously described. [38,
39] Briefly, a 20 pl aliquot of each sample was injected onto an ESA C18 column (2.1 x 150
mm, ESA, Inc., Chelmsford, MA). The mobile phase consisting of 75 mM H,NaPQy, 1.7
mM octanesulfonic acid, 25 mM Na,EDTA 0.00001% triethylamine (v/v), and 10%
acetonitrile (v/v), pH 3.0 was pumped through the system at a rate of 0.3 ml/min using an
ESA LC-10AD pump (ESA Inc., Chelmsford, MA). Samples were detected coulometrically
using an ESA Coulochem Model 4100A detector, an ESA Model 5010 conditioning cell,
and an ESA Model 5014B microdialysis cell (ESA Inc., Chelmsford, MA). The settings for
detection were E; = -0.26 V, E; = +0.28 V, guard cell = +0.4 V. The limits of detection were
in the femtomole range. Quantification was done using standard curves for DA, DOPAC and
HVA.
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2.9 Western Blot Analysis

For in vitro studies, SH-SY5Y cells were plated in 60 mm plates and treated with resveratrol
(Resv; 5 uM) or pinostilbene (Pino; 5 UM) over a time-course (15 min — 48 hrs). For striatal
tissue, one half of the striatum from each animal was sonicated in ice-cold lysis buffer.
Proteins (60 g for striatal tissue and 30 pg for SH-SY5Y cells) were separated on 8% SDS-
PAGE minigels. The gels were then transferred to nitrocellulose membranes (LI-COR
Biosciences; Lincoln, NE) and membranes were blocked in casein blocking buffer (LI-COR
Biosciences) for 1 hr at room temperature and incubated overnight at 4°C in the following
primary antibodies: mouse anti-ERK1/2 (1:1000, catalog # 9107; Cell Signaling
Technology; Danvers, MA), rabbit anti-phospho-ERK1/2 (1:1000, #9101; Cell Signaling
Technology), rabbit monoclonal anti-dopamine transporter (DAT) (1:3000, #AB2231;
Millipore), mouse anti- tyrosine hydroxylase (TH) (1:2000; #MAB318, Millipore), or
GAPDH (1:1000; Millipore) in casein blocking buffer (LI1-COR Biosciences). Membranes
were then incubated with IR680-labeled goat anti-rabbit or IR800-labeled goat anti-mouse
secondary antibody (1:10,000, LI-COR Biosciences). Blots were scanned on an Odyssey
Imager and quantified with Odyssey software, using background subtraction above and
below each band. Grayscale images were used for quantification. Images were pseudo-
colored red (700 nm, goat anti-rabbit) and green (800 nm goat anti-mouse) to delineate using
distinct fluorescent wavelengths.

2.10 Immunohistochemistry

Approximately six separate series of 30 um coronal brain sections were obtained from each
hindbrain using a sliding microtome (Microm HM 450; Thermo Scientific; Asheville, NC).
The slices were then subjected to unbiased stereological cell counting to determine the
number of TH* neurons using the novel motorized stage approach. [40, 41] Coronal SN
sections were rinsed 6 times in PBS and blocked in 10% serum solution in PBS containing
0.3% Triton X-100 for 30 min at RT. Then, brain sections were incubated in a solution
containing a mouse monoclonal anti-MAP2 (1:2000; #MAB378, Millipore) and polyclonal
anti-TH (1:2000; #AB1542, Millipore) primary antibodies in PBS. Following 3 rinses in
PBS, sections were then incubated with secondary antibodies: Cy3-conjugated anti-sheep
(1:500; #713-165-003, Jackson-ImmunoResearch) and Alexa Fluor-conjugated 647 anti-
mouse (1:500; #A31571, Invitrogen) for 2 hr at RT. Next, tissue sections were washed in 3
changes of PBS for 10 min, mounted onto plus-coated slides and coverslipped using gelvatol
mounting media. Images were acquired using an automated Nikon 90i upright fluorescence
microscope equipped with five fluorescent channels (blue, green, red, far red and near IR),
and high N.A. plan fluor/apochromat objectives and a linear encoded motorized stage (Prior
Electronics). The studies described here were all performed using 40x objective (0.75 N.A.).
Images were collected using the Nikon NIS-Elements software and a Q-imaging Retiga
cooled CCD camera. Neuron counting was performed by an investigator blinded to
treatment and age. All slides were scanned under the same conditions for magnification,
exposure time, lamp intensity, and camera gain. Quantitative analysis was performed on
fluorescent images generated in 3 fluorescent colors (stained for MAP2, TH*, and H 33342).
Images were stitched with NIS-Elements, following background subtraction and
thresholding for each individual channel. Once stitched together, colocalization and
subsequent exclusion was performed on the images.
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2.10 Analysis of stilbenes by gas chromatography-mass spectrometry (GC-MS)

Tissue samples were kept in =80°C freezer until used for analysis. Tissues were thawed on
ice, then homogenized in 150ul of sodium phosphate buffer (0.2M NaHPO4:0.2M
Na2HPO4; 80:20), pH 7.4, and centrifuged for 15 mins at 7000g, 4°C. The pellet was
homogenized a second time with 150ul of phosphate buffer. The supernatants were
combined; half-volume was treated with s-glucuronidase (5000 U/ml potassium phosphate
buffer, 75mM, pH 6.8; 50 ul/125pl extract) and incubated at 37°C with shaking at 750 rpm
for 20 hrs. Potassium phosphate buffer was added to the other half volume as control. The
mixture was partitioned with ethyl acetate (200l x 3). The combined ethyl acetate extracts
was dried under a stream of nitrogen, and derivatized with 30pL of a 1:1 mixture N,O-
bis[trimethylsilyl]trifluoroacetamide and dimethylformamide (Pierce Biotechnology, Inc.,
Rockford, IL, USA), heated at 70°C for 40 min, and used for analysis of pinostilbene and
resveratrol.

Analysis of pinostilbene and resveratrol in the HPC tissues by GC-MS (JEOL GCMate 11
Instrument; JEOL USA Inc., Peabody, MA, USA) was performed using a J&W DB-5
capillary column (0.25 mm internal diameter, 0.25um film thickness, and 30m length;
Agilent Technologies, Foster City, CA, USA). The GC temperature program was: initial
190°C, increased to 242°C at 30°C/min rate, increased to 248°C at the rate of 0.4°C/min,
then finally increased to 300°C at the rate of 30°C/min and held at this temperature for 0.5
min. The carrier gas was ultrahigh purity helium (1 mL/min flowrate). The injection port,
GC-MS interface, and ionization chamber were kept at 250, 230, and 230°C, respectively.
The volume of injection was 2uL (splitless injection). The mass spectrum was acquired in
the positive, selected ion-monitoring mode; electron 48 impact 70eV. The retention time for
pinostilbene was 10.4 min (monitored with m/z 388, 373, and 356). The retention time for
resveratrol was 11.2 min (monitored with m/z 446, 431, and 373). GC-MS analyses were
done in duplicates. Quantitation of pinostilbene and resveratrol was done using external
standards. These analyses were done in the laboratory of our collaborator, Dr. Agnes
Rimando.

2.11 Statistical Analysis

All statistical tests were performed using Graph Pad Prism 6 (Graphpad Prism, Inc., La
Jolla, CA). The data were analyzed using either one- or two-way ANOVA (p < 0.05)
followed by post hoc comparison using an uncorrected Fisher’s LSD test.

3. Results

3.1 Resveratrol and pinostilbene protect against DA-induced cell death via activation of
ERK1/2

To determine whether resveratrol or pinostilbene protect against DA-induced cell death, SH-
SY5Y cells were pretreated with varying concentrations of resveratrol (Resv) or pinostilbene
(Pino) followed by DA treatment (Fig. 1). Treatment with DA significantly decreased SH-
SY5Y cell viability as measured by ATP luminescence (Fig. 1A). Pretreatment with
resveratrol and pinostilbene protected against the loss of cell viability (Fig. 1B and 1C).
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To examine the effect resveratrol or pinostilbene treatment on phosphorylated (activated)
ERK1/2, SH-SY5Y cells were treated with resveratrol (Resv; 5 uM) or pinostilbene (Pino; 5
UM). Resveratrol transiently increased ERK1 and 2 activation in SH-SY5Y cells, such that
activation was returned to basal levels by 24 hr (Fig. 2A and 2B). Pinostilbene increased
ERKZ1 phosphorylation at 2 hr post-treatment with a return to baseline by 24hrs (Fig. 2C). In
contrast, pinostilbene increased activation of ERK2 by 15 min and this activation was
sustained up to 48 hrs (Fig. 2D).

Further, to investigate the role of ERK1/2 activation in resveratrol and pinostilbene-mediated
protection from DA-induced cell death, SH-SY5Y cells were pretreated with an inhibitor of
the ERK1/2 pathway, U0126 (10 pM), prior to resveratrol or pinostilbene (1 or 5 pM) and
DA (100 pM) treatment. Pretreatment with U0126 inhibited the resveratrol- and pinostilbene
mediated protection, as indicated by the loss of ATP (Fig. 3A and 3B, respectively).

3.2 Dietary supplementation with resveratrol or pinostilbene decreases age-related motor

deficits

Table 1 shows the levels of resveratrol and pinostilbene in the brain as measured by GC-MS.
The levels of pinostilbene in the brain are greater than that of resveratrol at all ages.
Resveratrol was undetectable in the brains of the young animals. Interestingly, trace amounts
of resveratrol were noted in the brains of the middle-aged and old mice.

We have previously reported that motor coordination decreases in C57BI/6 male mice with
age. [37, 39] Similarly, in the current study, aged animals fed the control diet made
significantly more errors on the challenge beam than young animals (Fig. 4A, control
group). However, there was no significant difference between the errors made by old mice
on resveratrol and pinostilbene diet compared to their diet-matched young counterparts as
well as young control mice. Old mice fed a resveratrol-supplemented diet for four weeks
showed reduced errors on the challenge beam compared to their age-matched controls
(p=0.053). Surprisingly, at eight weeks, mice on pinostilbene made more errors than old
control mice (Figure 4B). However in the cylinder test for spontaneous exploratory behavior,
pinostilbene, but not resveratrol, supplementation increased the number of rears made by
both middle-aged as well as old animals (Fig. 4C).

3.5 Dietary supplementation with resveratrol or pinostilbene does not alter the levels of
dopamine, its metabolites, or dopamine transporter in the striatum with age

To determine if there were changes in the nigrostriatal DA system associated with age and/or
dietary supplementation, high performance liquid chromatography (HPLC) was employed to
measure the content of DA and its metabolites, including DOPAC and HVA, in the striata of
young, middle-aged, and old animals. DA, DOPAC, and HVA levels did not change with age
or dietary supplementation in the striatum (Fig. 5A-D). Similarly, TH and DAT expression
in the striatum was unchanged with age or dietary supplementation (Fig. 5E-F).
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3.6 Dietary supplementation with resveratrol or pinostilbene increases ERK1/2
phosphorylation in the striatum of old mice

Striata isolated from young, middle-aged, and old animals were subject to Western blot
analysis for phosphorylated (activated) ERK1/2 after eight weeks of dietary supplementation
with resveratrol or pinostilbene. The ERK1/2 activation for young mice was set at 100%.
Both diets lead to increases in ERK1/2 phosphorylation in the striata from the old animals as
compared to age-matched control (Fig. 6A and 6B).

S1.1 Dietary supplementation with pinostilbene, but not resveratrol, increases the number
of of TH* neurons in the SN with age

Hindbrain slices were stained for TH after eight weeks of dietary supplementation with
resveratrol or pinostilbene. Quantification of the images revealed that although there was a
decline in the number of TH* neurons with age, it was not a significant decrease (p=0.13;
Fig. 1S J-L control bars). Dietary supplementation with resveratrol did not alter the number
of TH* neurons in the SN in any age group. In contrast, dietary supplementation with
pinostilbene significantly increased TH* neurons in both middle-aged and old mice as
compared to age-matched controls (Fig. 1S K and L, p<0.05).

4. Discussion

DA neurons in the ventral midbrain are important for motor coordination and voluntary
movement. Therefore, a loss and/or decrease in the function of these DA neurons may lead
to deficits in motor performance. For example, it has been reported that there is a decline in
DA neurons [42, 43] and their nerve terminals [44-46] as well as decreases in motor
performance with normal aging. [37, 47-50] Consequently, there is great interest in
exogenous compounds that may combat DA neuronal loss and improve motor coordination
associated with aging. In this study, we used SH-SY5Y cells as a model for DA neurons and
a mouse model of aging to investigate the effect of resveratrol and pinostilbene, natural
products that affect cell viability, cell signaling pathways, and age-related alterations in
motor coordination and the nigrostriatal DA system [21, 51].

4.1 Natural products in vitro

Resveratrol, an isolated compound found in grapes, blueberries, and walnuts, is a well-
studied natural antioxidant. [51-53] However, resveratrol has low bioavailability due to
rapid metabolism into glucuronides and sulfate conjugates. [19, 54, 55] Even so, resveratrol
has been shown to decrease 6-OHDA-induced cell death in SH-SY5Y cells. [21, 56]
Analogs of resveratrol, in which the hydroxyl groups are methylated, possess prolonged
bioavailability and increased ability to permeate cell membranes. [21, 57, 58] In this study,
we compared the effects of resveratrol and pinostilbene, a methylated analog of resveratrol,
on DA-induced cell death in SH-SY5Y cells. In agreement with a previous report [59],
resveratrol protected SH-SY5Y cells from DA-induced cell death. However, ours is the first
study to show that pinostilbene inhibits DA-induced cell death in these cells.
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4.2 Natural products in vivo

In animal models of normal aging, others and we have reported declines in spontaneous
motor activity and motor coordination. [37, 47-49] Motor coordination is largely controlled
by the DA system. [60—63] Loss of DA neurons in the SN and projections to the striatum
occur with age and in Parkinson’s disease. [43, 64, 65] Our /n vitro data in DAergic cells
suggest that resveratrol and pinostilbene may alleviate the loss of motor function seen with
age. As a result, we sought to assess the effect of natural product supplementation on age-
related motor deficits in C57BL/6 male mice using the challenging beam and cylinder
behavioral tests to measure motor coordination and spontaneous activity, respectively. [34,
36] Ours is the first study to examine the effect of pinostilbene on age-related motor function
and our data (Table 1) suggest that pinostilbene is more abundant in the brain compared to
resveratrol. At four weeks, aged mice exhibited significantly higher number of errors on the
challenging beam than young mice. After four weeks, there was no significant difference
between errors made by old mice on the resveratrol and pinostilbene diet compared to their
diet-matched young counterparts, indicating that dietary supplementation with the natural
compounds improved motor coordination. Old mice on resveratrol-diet made less errors
compared to their age-matched counterparts (p=0.053). This is in agreement with a previous
report in which resveratrol-supplemented diet improved performance on the accelerating
rotarod in 18-21 month old C57BI/6 mice. [66] There was also a trend toward an increase in
rearing activity in old animals fed resveratrol. These behavioral data are also consistent with
the increase in the amounts of resveratrol, albeit trace amounts, detected in the brains of the
middle-aged and old animals (Table 1). At four weeks, although not statistically significant,
pinostilbene fed mice made less errors made on the challenging beam test compared to old
control mice. Surprisingly, motor function of pinostilbene-fed mice appears to worsen at
eight weeks. It is possible that resveratrol affects not only the brain regions responsible for
motor control, but also improves skeletal muscle strength and function. Resveratrol is known
to possess beneficial effects in attenuating damage and loss of muscle fibers, both /n vitro
and /n vivo, likely through a reduction in oxidative damage [15, 67]. Alternatively, there may
be differences in the pharmacokinetic profiles of resveratrol and pinostilbene with increasing
age that contribute to the disparities seen in their /n vivo effects. Middle-aged and old mice
fed a pinostilbene-supplemented diet exhibited a significant increase in the number of rears
as compared to diet-matched young mice indicating that resveratrol and pinostilbene may
affect different components of motor function and, therefore, may provide neuroprotection
in distinct brain regions.

To investigate any underlying changes in the DAergic system with age that may cause the
decline in motor function, we examined the levels of DA, its metabolites, TH, and DAT
present in the striatum. Striatal DA, TH, DAT, and the number of DA neurons in the SN have
been reported to decrease with age. [42, 44-46, 48, 49, 68—71] However, as others and we
have previously reported [37, 47] the age-related decline in motor function was not
accompanied by age-related alterations in striatal DA, DOPAC, HVA, TH, or DAT in the
groups of animals used in this study. Therefore, these DA neuronal markers may decrease
with age in a species and/or strain specific manner. We also found no change in any of these
striatal proteins following dietary supplementation with resveratrol or pinostilbene. Our
current resveratrol data are in contrast to previous results from our lab in rat pups exposed to
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resveratrol /n utero [72] and results from other labs following /.p. administration of
resveratrol to female mice and male rats. [73, 74] These data suggest that the route of
administration of resveratrol, species tested, and/or the sex and age of the animals are
important considerations.

In addition to changes in the striatal DA system, alterations at the level of the SN have been
also reported with age, including a loss of DA neurons. [43, 64, 75] We examined the
number of DA neurons in the SN across ages and treatment groups. In the present study,
quantitative analysis using a novel fluorescence unbiased stereology approach [40, 41]
indicated that there was a trend toward fewer TH* neurons with age. Dietary
supplementation with pinostilbene for eight weeks, but not resveratrol, significantly
increased the number of TH* neurons in the middle-aged and old mice compared to the age-
matched controls. Our behavioral data suggest that pinostilbene is more effective than
resveratrol at restoring spontaneous activity with age whereas resveratrol is more effective in
improving motor coordination with age as measured by the cylinder test and challenging
beam test, respectively. These data support the hypothesis mentioned above that resveratrol
and pinostilbene provide protection in distinct areas of the brain related to motor function. In
seeming contrast to our current data, others have noted an increase in TH immunoreactivity
in the SN following resveratrol exposure. [76, 77] The distinction between these previous
reports and our current observation is that these groups measured the intensity of the
immunoreactivity, whereas we counted the number of TH+ neurons using a novel
stereological approach. Moreover, in the previous studies, diabetic mice, rats, and young
animals were administered resveratrol via gavage. Together with the striatal DAergic
markers, these data suggest that the effects of natural antioxidants may be dependent upon
the route of administration, species, and/or age of the animals.

Next, we proceeded to examine the effects of resveratrol and pinostilbene on the ERK1/2
signaling pathways in the striatum. In both the resveratrol and pinostilbene supplemented
groups, striatal ERK1/2 activation increased as compared to that of animals fed the standard
diet. While others have noted increases and decreases in ERK1/2 activation following
resveratrol administration in the hippocampus [12, 28], these are the first studies to examine
the effects of resveratrol or pinostilbene on ERK1/2 activity in the striatum. This data
complements work published by Parmar and colleagues demonstrating that ERK1/2 is
important for DA cell survival [78] and possible DAergic region development [79];
therefore, the increase in the ERK1/2 by these phytochemicals could be contributing to the
healthy state or functioning of DAergic neurons.

Overall, our data suggest that some of the motor deficits associated with aging may be
alleviated by diets supplemented with resveratrol or pinostilbene. As these natural products
are already widely used, it is important to understand the mechanism by which they may
provide neuroprotection. In addition, as the elderly population increases and the incidence of
slip, falls, and fractures increase, it is important to explore options for the treatment of age-
related motor decline. Natural supplements provide an attractive option as they produce less
unwanted side effects in a vulnerable population.
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Figure 1. Effect of resveratrol and pinostilbene on dopamine induced loss of ATP in SH-SY5Y

cells

(A) DA increased the loss of ATP in SH-SY5Y cells in a dose-dependent manner. (B)
Pretreatment with resveratrol inhibited the loss of ATP induced by DA treatment. (C)
Pretreatment with pinostilbene inhibited the loss of ATP induced by 100 uM, but not 200
UM, DA treatment. n=3-4 experiments done in triplicate for each group. Data are expressed
as mean + SEM. **** p < 0.0001 compared to the H,O treated group (A), between DA
treated groups (A), and compared to the DMSO treated group (B). ***p < 0.001 and **p <

0.01 compared to the DMSO treated group.
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Figure 2. Expression of phosphorylated ERK1/2 in SH-SY5Y cells following resveratrol or
pinostilbene treatment

SH-SY5Y cells were treated with 5 uM resveratrol (A, B) or 5 pM pinostilbene (C, D) for
the different time points. Cell lysates were collected, resolved on SDS-PAGE gels and
probed for phospho and total ERK1 and ERK2. GAPDH was used as a loading control. (A,
B) Immunoblot analysis indicating that resveratrol increases ERK1 and ERK2
phosphorylation in a time dependent manner. (C, D) Immunoblot analysis indicating that
pinostilbene increases ERK1 and ERK2 phosphorylation in a time dependent manner
distinct from resveratrol. The values are calculated using the integrated intensity. Protein
expression was standardized to the intensity of GAPDH. n=3-4 for each time point. Data are
expressed as mean = SEM. ** p<0.01 and * p < 0.05 compared to the O time point.
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Figure 3. Effect of pharmacological ERK1/2 inhibition on resveratrol- and pinostilbene-mediated
protection from DA-induced ATP loss in SH-SY5Y cells

U0126 (10 uM) inhibited the (B) resveratrol- and (C) pinostilbene-mediated protection from
100 pM DA-induced ATP loss. n=3-4 experiments done in triplicate for each group. Data
are expressed as mean + SEM. **** p< 0.0001 and *** p< 0.001 compared to DMSO
treatment.
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Figure 4. Effects of 4 and 8-week dietary supplementation with resveratrol or pinostilbene on
motor coordination and spontaneous activity as measured by the challenging beam and cylinder
test

(A) Dietary supplementation for 4 weeks with resveratrol decreased the number of errors
made by 24 month old animals. (B) Dietary supplementation for 8 weeks with resveratrol or
pinostilbene did not improve motor function of old animals. (C) Dietary supplementation
with pinostilbene but not resveratrol increased the number of rears made by middle-aged and
old animals.
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Figure 5. Effect of dietary supplementation with resveratrol or pinostilbene on markers of
dopaminergic neurons and function in the striatum with age

(A—F) Dietary supplementation with resveratrol or pinostilbene had no effect on striatal DA,
DOPAC, HVA, DAT or TH levels or expression. n=5-7 per group.
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Figure 6. Effect of dietary supplementation with resveratrol or pinostilbene on the ERK1/2
phosphorylation in striatal tissue with age

(A and B) Resveratrol and pinostilbene diet increased ERK1/2 phosphorylation in the
striatum of old animals. ERK1/2 phosphorylation in young animals was set at 100%. Data
are expressed as mean + SEM. ** p< 0.01, * p< 0.05 compared to 4 month young control
group. #p<0.05 compared to age-matched controls. n=3-4 for each treatment and age.
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Figure 7. Effect of dietary supplementation with resveratrol or pinostilbene on the number of

TH* neurons in the substantia nigra with age

(A-C; J-L) The number of TH* neurons decreased with age in the SN. (D-F; J-L)
Resveratrol diet did not alter the number of TH* neurons in an age-dependent manner. (G-l;
J-L) Pinostilbene diet increased the number of TH* neurons in 12 and 24 month old
animals. Data are expressed as mean = SEM. * p < 0.05 compared to age matched control

group.
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Table 1

Pinostilbene and resveratrol penetrate the blood-brain barrier.

Sample description

Young-Pinostilbene
Middle-Pinostilbene
Old-Pinostilbene
Young-Resveratrol
Middle -Resveratrol

Old-Resveratrol

Pinostilbene Resveratrol
(ng/mg tissue)  (ng/mg tissue)

0.0365 NA
0.0772 NA
0.0776 NA

NA nd

NA trace

NA trace

Values are presented as ng/mg fresh tissue; GC-MS analysis in duplicate.
Pinostilbene and resveratrol were detected in the hippocampus of middle and old-aged animals.
Pinostilbene was found in the hippocampus of young mice.

NA = not applicable; pinostilbene or resveratrol was not analyzed

nd = not detected

trace = peaks are below limit of quantitation.
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