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Dietary supplements such as grape seed extract (GSE) enriched in proanthocyanidins (PA) (oligomeric
polyphenols) have been suggested to have multiple health benefits, due to antioxidant and other
beneficial activities of the PA. However, a systematic analysis of the molecular basis of these benefits
has not been demonstrated. Because the brain is vulnerable to age-related oxidative damage and
other insults including inflammation, it was hypothesized that rats ingesting GSE would experience
changes in expression or modifications of specific brain proteins that might protect against pathologic
events. Normal adult female rats were fed diets supplemented with 5% GSE for 6 weeks. Proteomics
analysis (2D electrophoresis and mass spectrometry) of brain homogenates from these animals
identified 13 proteins that were altered in amount and/or charge. Because many of these changes
were quantitatively in the opposite direction from previous findings for the same proteins in either
Alzheimer disease or mouse models of neurodegeneration, the data suggest that these identified
proteins may mediate the neuroprotective actions of GSE. This is the first identification and quantitation
of specific proteins in mammalian tissues modulated by a dietary supplement, as well as the first to
demonstrate links of such proteins with any disease.
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INTRODUCTION experiments suggested that antioxidant activity intrinsic to PA
Americans currently spend billions of dollars on over-the- SUch as in GSE may have cardioprotective (2—4) as well as
counter dietary supplements suchGiskgo biloba, cranberry, ~ a@nticancer propertle§I. MQreover, recent'studles showed that
St. John’s wort, soy isoflavones, and grape seed extract (GSE)d!eta_ry supplementation vylth aqueous fruit or vegetable extracts
(1). Several of these, including GSE, are thought to have health high in PA (strawberry, spinach, blueberry) protected rats against
benefits due to their high content of polyphenolic compounds, age-related cognitive impairment, suggesting that fruit/vegetable-
which have been shown to have antioxidant activity in vitro derived PA have neuroprotective activit)( However, G.
(2). GSE in particular is enriched in the proanthocyanidins (PA), biloba extract, which contains polyphenols different from the
oligomeric polyphenols whose precursors, the anthocyanins, fruit PA, has also been shown to protect agajfistmyloid-
account for the deep coloration of many fruits and vegetables, induced oxidative stress in neurori 8). Thus, a variety of
particularly berries. In fruits, PA (the basic structure of which supplements and foods enriched in polyphenols appear to have
is shown inFigure 1) may protect the plants from photo- health benefits, but the molecular basis of these actions in target
oxidation due to their general aromatic structure. Previous tissues has only begun to be examined. We hypothesized that
the actions of dietary supplements such as GSE enriched in PA
* Address _CorlreSpondE_nce to thi];s aluthor atthe Dep_artrﬁent of Phar”macol-would be correlated with changes in the target tissues in specific
%%d?r?g’ ;%'zgagf'él%na’rﬁ\r,se'zi& é?ﬁ??g?f‘m?rﬁg?;ﬁ?g&”g'ngf[?fm‘gi? proteins either in their expression or in their post-translational
helenkim@uab.edu; telephone (205) 934-3880; fax (205) 934-6944]. modifications. We utilized proteomics technology to assess the
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* Purdue Univeristy-UAB Botanicals Center for Age-Related Diseases. effects of GSE on proteins in the brains of normal rats that had
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Figure 1. Basic structure of proanthocyanidins. These are polyphenolic
compounds enriched in the skins and seeds of many fruits and vegetables,
including grapes. The basic subunit, catechin, is indicated in brackets; n
(the number of catechin monomeric subunits) can be as high as 10.
Depending on the proanthocyanidin, R; and R, can be H or OH.

isoflavones attenuated Alzheimer’s disease (AD)-relevant mi-
crotubule-associated proteinphosphorylations in a primate
model of menopaused( 10), there has been little molecular
analysis of protein targets of dietary supplements or phy-
tochemicals such as PA in mammalian tissues.

MATERIALS AND METHODS
Processing Rat Brain Samples for Proteomics AnalysidNormal
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IEF, the strips were lightly blotted to drain off excess oil and stored at
—80°C overnight. For the second-dimension electrophoresis, each IPG
strip was agitated for 20 min at room temperature in sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) equilibration
buffer [50 mmol/L Tris-HCI, pH 8.8, 6 mol/L urea, 30% (v/v) glycerol,
2% (w/v) SDS, and trace of bromophenol blue], and laid on top of a
10—20% polyacrylamide gradient Criterion gel (Bio-Rad Laboratories,
Hercules, CA). Electrophoresis was carried out at 200 V until the dye
reached the bottom of the gel. Triplicate gels were run for each brain
homogenate and stained with colloidal Coomassie Gel Code Blue
(Pierce Endogen Co., Woburn, MA). Images of the stained gels were
acquired with a Bio-Rad GS 710 calibrated imaging densitometer. An
additional set of replicate gels was run for the same samples, but stained
with the fluorescent dye Sypro Ruby according to the manufacturer’s
instructions (Molecular Probes, Eugene, OR) to enhance detection of
lower abundance proteins. Images of these gels were acquired with an
FX ProPlus imager (Bio-Rad). For spot excision from the Sypro Ruby-
stained gels, the gels were post-stained with colloidal Coomassie Blue.

2D Western Blots. Affinity-purified goat polyclonal anti-creatine
kinase-BB chain antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), mouse monoclonal anti-14-3e3antibody (BD Biosciences, San
Jose, CA), polyclonal anti-actin antibody (Sigma, St. Louis, MO), and
monoclonal mouse anti-heat shock protein-60 antibody (clone 1G1)
(Advanced Immunochemical Inc., Long Beach, CA) were used for
Western blotting following the manufacturer's recommendations. Goat-
anti-rabbit, goat anti-mouse, and rabbit anti-goat peroxidase-conjugated
secondary antibodies were purchased from KPL Laboratories (Gaith-
ersburg, MD).

For 2D Western blots, samples were processed through 2D electro-
phoresis as described above, except that 7-cm IPG strips were used
instead of 11-cm strips, and the strips were rehydrated in IEF buffer
containing 10Qug of protein. Second-dimension electrophoresis was
carried out on mini gels (Bio-Rad), and the proteins were electrotrans-
ferred to a polyvinyldifluoride (PVDF) membrane (Immobilon-P,
Millipore, Billerica, MA) at 200 mA overnight at 4C. The membranes
were blocked for 2 h at room temperature in 5% (w/v) nonfat dry milk

adult female Sprague—Dawley rats, 35 days old, were segregated intoin Tris-buffered saline containing 0.2% Tween-20 (TBST), followed

two dietary groups (five per group) and maintained on rodent diet AIN-
76A (Teklad Industries, Madison, WI), with one group receiving 5%

by overnight incubation at 4C in TBST adjusted to 2.5% (w/v) milk
containing the appropriate antibody (anti-CK-BB at 1:500, anti-actin

(9/100 g of total diet) supplementation with a powdered GSE prepara- at 1:2000, anti-14-3-3¢ at 1:1000 and anti-HSP-60 at 1:500). The

tion (Kikkoman Corp., Chiba, Japar))X). Over 85% of this preparation

membranes were then rinsedx310 min each in TBST followed by

consisted of polyphenols, and PA comprised 90% of these polyphenolsincubation fo 1 h atroom temperature with appropriate secondary

(Table A of the Supporting Information). At 6 weeks, body weights antibodies diluted in the same buffer as the primary antibodies. The
were recorded and the animals euthanized. Whole brains above themmunoblots were then washed extensively in TBSTxX65 min

brain stem were dissected out, weighed, snap-frozen in liquid nitrogen, washes) and visualized using the Lumiglow kit (KPL Laboratories).
and then stored at80 °C. No significant differences in body weight Image and Statistical Analysis.A total of 30 2D gel images

gain or final organ weights (brain, heart, liver, and uterus) were detected comprised the initial dataset. These images were processed using
over the duration of the study, nor was any acute toxicity recorded at PDQuest image analysis software (Bio-Rad). The positions of molecular
necropsy (60). All of the experiments in this study were reviewed and weight standards that had been electrophoresed adjacent to the acidic

approved by the University of Alabama at Birmingham Institutional
Animal Care and Use Committee.

Two-Dimensional (2D) Electrophoresis.For 2D electrophoresis,
a sagital cut was made at the midline of each frozen brain; the left
hemisphere was re-archived-a80 °C, and the other half was weighed

end of the IPG strip were used to calibrate the 2D wgelxis for

unknown gel spot mass determination. The pH gradient was defined
in the horizontal dimension within PDQuest by assuming that the
physical ends of the IPG gel bed defined the boundaries of the pH
gradient and that the gradient was linear within the strip. For

and homogenized with a Dounce homogenizer at room temperature atdetermination of spot intensities andy coordinates, a digitized

a tissue/buffer ratio of 1 g:5 mL in isoelectric focusing (IEF) lysis buffer
[7 mol/L urea, 2 mol/L thiourea, 4% 3-[(3-cholamidopropyl)dimethyl-

ammonio]-1-propanesulfonate (CHAPS), 5 mmol/L tributylphosphine
(TBP)] adjusted with a tablet of Complete Mini, EDTA-free protease
inhibitor cocktail (Roche, Mannheim, Germany) (1 tablet per 10 mL
of solution). After centrifugation at 100000fpr 10 min at room

Gaussian master gel image containing all spots was generated within
PDQuest, following matching of protein spots among all gels.

To identify gel spots that differed significantly in intensity or in
position between the two groups of gels, datasets including the spot
numbersx andy coordinates for the spots, and the raw spot intensities
were exported out of PDQuest and subjected to statistical analysis using

temperature, the supernatant was collected and assayed for proteirthe Statistical Analysis System (SAS v. 09, SAS Institute, Cary, NC).

concentration. An aliquot containing 2@@ of protein was diluted to
200 uL with IEF rehydration buffer [lysis buffer adjusted to 1%

As an initial step, the data were subjected to the Wilcoxon rank sum
test (12), which determined that the medians of the total protein

ampholytes (IPG buffer, Amersham Biosciences, Piscataway, NJ) andintensities of the two groups of gels were not significantly differgnt (

a trace amount of bromophenol blue], and an 11-cm immobilized pH
gradient (IPG) strip (Amersham Biosciences) containing a ptf 4

= 0.44). Individual spot intensities on each gel were normalized to the
mean total intensity of its group (GSE or control). The normalized

gradient was rehydrated overnight at room temperature with this sampleintensities were then divided by the sum of the total intensities of the

under mineral oil. IEF was carried out on a Multiphor Il flatbed
apparatus (Amersham Biosciences) cooled to°@8following the
manufacturer’s instructions; total run time was 6 h, or 3.5 kVh. After

two groups combined. For a spot to be included in the statistical
analysis, it had to meet one of three criteria: (1) it had to be present
either in all treatment (GSE) gels or (2) in all control gels or (3) it had
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Figure 2. Two-dimensional electrophoretic analysis of rat brain proteins affected by GSE. Brain homogenates from rats exposed dietarily to GSE were
electrophoresed on 2D gels incorporating a pH 47 gradient in the first dimension and a 10-20% acrylamide gradient in the second dimension. Two
hundred micrograms of protein was loaded on all 2D gels in this study. The annotated spots were determined to be significantly different in either
intensity or variability between the GSE and control gels, as described in the text. Each spot is indicated once.

to be present in all but one technical replicate of a biological sample.  LC-MS/MS. To confirm the putative polypeptide identifications
To ensure a normal distribution, spot intensities were log transformed. suggested by the MALDI-TOF MS analysis, tryptic digests were
“Missing” intensities, that is, a gel location containing a spot in one analyzed by reverse-phase liquid chromatograjgigctrospray ioniza-
set of gels, but not in the others, were replaced with the lowest log- tion tandem mass spectrometry (LC-ESI-MS/MS) on a Qtof3 hybrid
transformed intensity observed in the experimerit5.15. Two-sample quadrupole orthogonal time-of-flight mass spectrometer (Waters,
Student tests and- tests were then used to identify spots that differed Manchester, U.K.). Separation of tryptic peptides by nanoflow liquid
significantly in intensity or in the variability of the intensity, respec- chromatography (LC) was accomplished using a FAMOS micro
tively. autosampler, a switching device (SWITCHOS), and an Ultimate LC
The spots determined to be significantly different in either intensity (LC Packings, San Francisco, CA). A sample in 50% acetonitrile/0.1%
or variability were then subjected to multivariate analyses such as formic acid was typically diluted 1:1 with water and injected via the
discriminant analysis (DA)13) and principal component analysis autosampler onto a 300m i.d. x 5 mm Gg u-precolumn cartridge
(PCA) (14). The spots that were found to be significant on the basis of (LC Packings) at a flow rate of 10L/min. After 2 min, elution was
the two-sample Student test were first run through a stepwise accomplished with 80% acetonitrile/0.1% formic acid at 200 nL/s. The
discriminant analysis (SDA) procedure, which compared the spot resulting eluate was passed into the nanoelectrospray interface of the
intensities across the gels and identified the spots that were the best taQ-tof3 mass spectrometer. MS/MS data were recorded using automated
use in a function that helped to classify the 30 gels correctly into the MS to MS/MS data-dependent scanning, switching at a threshold of 6
two groups. These results were then used in DA. counts. The selected multiply charged ions were subjected to collision-
Putative Protein Identifications by Matrix-Assisted Laser De- induced dissociation (CID) using argon gas.
sorption lonization Time-of-Flight Mass Spectrometry (MALDI-
TOF MS). The gel spots of interest indicated by statistical analysis
were excised, destained, and subjected to in-gel digestion with trypsin
following protocols developed at the National Mass Spectrometry

Resource Laboratory at the University of California at San Francisco . ‘et . .
and described at http://donatello.ucsf.edu/ingel.html. After overnight Indicated by Image and Statistical Analysis. Figure Zhows

digestion with trypsin, the tryptic peptides were extracted with 50% & typical pair of 2D gels that comprised our dataset. Using
acetonitrile/5% formic acid, dried in a Speedvac, and dissolved in 10 Cfiteria described under Materials and Methods, a total of 201

uL of 50% acetonitrile/5% formic acid. spots were ultimately included in the statistical analysis, from
The extracted peptides were mixed (1:10, v/v) with a saturated a total of 4500 spots detected among all of the gels. Among
solution ofa-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemical  these, two types of differences were determined between the
Co., Milwaukee, WI) in 50% aqueous acetonitrile/0.1% TFA (1:1), and gels representing the two dietary groups: differencestansity
1 uL of each diluted sample was spotted onto a MALDI-TOF target and differences imariability of the intensity. The protein spots
plate. Peptide mass fingerprint (PMF) analysis was carried out with a that exhibited statistically significant differences in either
Voyager DE-Pro MALDI-TOF mass spectrometer (Perseptive Biosys- category are listed in Tables B and C (Supporting Information);
tems, Foster City, CA) according to established procedures in this a total of 32 spots were determined to be significantly different,

laboratory (15): samples were analyzed in the positive mode with .~ . .
delayed extraction; the acceleration voltage was set at 20 kV: 100 laser'" intensity between the GSE and control gels (Table B), and

shots were summed: bradykinin, angiotensin, and neurotensin were used? SPOts were significantly different in variability between the

for external calibration, and the autolysis products of trypsin were used two groups of gels (Table C).

for internal calibration. DA revealed that of the 32 spots that differed significantly
The raw MS data for each peptide containing multiple isotope peaks in intensity, only 7 were actually required to discriminate

(from the natural abundance BC) were processed (“de-isotoped”)to  petween the two groups with 100% accuracy; of the 84 spots

identify the'H/*?C monoisotopic peak for each peptide, and the resulting that differed in variability, 25 discriminated between the two

peptide masses for a protein were submitted for analysis via the groups with 100% accura;:y, and, of these, only 8 were required

MASCOT search engine (16) at http://www.matrixscience.com. The S .
nonredundant NCBI database was used in conjunction with MASCOT to discriminate between the groups with 93% accuracy. The 7

to determine putative protein identificatioris7{. The parameters used ~ SPOtS that discriminated 100% due to differences in intensity
for searching allowed for all species and one missed trypsin cleavage@re indicated irFigure 2 by letters A-G. These spots, along
site. In addition, the mass tolerance for each peptide was set to 100With spots H-O that also differed significantly in intensity, were
ppm, that is, 0.1 Da for a peptide with a molecular mass of 1000 Da. selected for analysis by mass spectrometry, and are listed in

RESULTS

Protein Differences between GSE and Control Gels
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Table 1. Gel Spots Significantly Different between GSE and Control
Gels

spot D2 fold difference GSE/control? Fvalue® P value?
A* -1.61
B* +1.63
C +1.73
D* -1.56
E* -1.56
F -1.6
G' -1.61 28.41 <0.0001
H* +1.5
I' +1.63 3.48 0.0261
J +1.91
K -1.52
L -1.62
M’ +1.52 8.17 0.0004
N* -1.40
o* -1.9
P’ 20.22 <0.0001
Q' 6.57 0.0013
R’ 3.98 0.0143
S 3.07 0.0446
T 497 0.0049

@ Spots were determined via statistical analysis to be significantly different in
either intensity or variability between GSE and control gels. The spot ID codes
correspond to the annotations in Figure 2 . Letters with “*” correspond to the spots
that discriminated 100% between the two groups on the basis of intensity; letters
with “" correspond to spots that discriminated 100% between the two groups on
the basis of variability, and letters with no other labels are spots which were also
significantly different in intensity between GSE and control gels that were excised
along with those that discriminated 100% for peptide mass fingerprint analysis.
bThe fold difference (GSE/control) is the difference in intensity of the spot in the
GSE gel relative to that in the control gel, after appropriate normalization as
described under Materials and Methods. ¢ The F value is the ratio of the variance
of the spot in the GSE gel relative to the variance in the control gel; if there was
no difference in variance, the F value was 1.00. ¢ The P value was calculated on
the basis of Student's t tests.

Table 1. As can be seen, the majority of the significant fold
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set of peptide masses with another, the identifications are
putative, and not final (although it is well recognized that
MOWSE scores of 7875 are usually confirmed by sequence
analysis by LC-MS/MS)Table 2 also shows the gene accession
number obtained from the analysis within MASCOT, with which
one can search protein and gene databases via the search tool
Entrez (at http://www.ncbi.nlm.nih.gov) for additional informa-
tion. It should be noted that once a protein is putatively identified
by MALDI-TOF-MS, the predicted mass and isoelectric point
(pl) that “fall out” from this analysis themselves contribute
structural information about the protein, because the observed
mass and p(obtained empirically through the image analysis
software) are often different from the predicted values. For
example, an observed fdwer than the predicted muggests
that the protein has undergone post-translational modification
such as phosphorylation. Similarly, an observed mass signifi-
cantly lower than the predicted mass might suggest that the
protein undergoes proteolytic processing in vivo. Thus, all of
the information from a typical MALDI-TOF MS analysis is
valuable, and should be retaineden in cases when the protein
identity itself may not be revealgds for spots D and E).
Those protein spots that were significanilycreasedin
intensity in the GSE brains were putatively identified as
mitochondrial matrix protein precursor P60, also known as heat-
shock protein 60 (HSP-60)F{gure 2, spot H), heat shock
cognate proteins HSC-70 and HSC-FHigure 2, spots | and
J), creatine kinase braj chain (CK-BB) Figure 2, spots M
and R), and neurofilament triplet protein light chain (NF-L) and
neurofilament triplet protein medium chain (NF-Mjigure 2,
spots B and C). The gel regions containing these spots are shown
enlarged inFigure 4A. Western blot analysis confirmed the
identifications, as well as the quantitative differences in intensi-
ties for CK-BB and HSP-60Higure 4B). Note, however, that
in the Western blot analysis, thetal immunoreactivity for each
protein was scanned for densitometric analysigre 4C).
CK-BB (Figure 2, spots M and R) also exhibited a statistically
significant difference in isoform complexity (detected as vari-

differences in intensity were in the range of 1.5-fold; none were ability) (seeTable 2), in that the most basic CK-BB isoform
>2-fold. Those spots that discriminated 100% due to differences was found at a more acidid jin the GSE gels relative to the

in variability are also listed iTable 1 and annotated iRigure

2 by letters G, I, M, P, Q, R, S, and T. Thevalue shown in
Table 1is the ratio of the variability in the spot intensity in the
GSE gel relative to the variability of that spot in the control
gel. (If there were no differences in the variability for a spot,
the F value would be 1.) Following the statistical analysis, all
of the spots inrable 1 were excised out of appropriate gels for
mass spectrometry analysis.

control gels (Figure 4A, right arrow). None of the other spots
in the gel region immediately around CK-BB were altered in
position in the GSE gel.

Several spots were significantlgwer in intensity in the GSE
gels relative to the control gels. PMF analysis identified these
spots as 14-3-8 protein (Figure 2, spot A), actinKigure 2,
spot L), glial fibrillary acidic protein (GFAP)Kigure 2, spots
F and G), vimentinKigure 2, spot K), andx andy subunits of

PCA using the spots that discriminated 100% between the enolase (Figure 2, spots O and P). The gel regions containing
two groups of gels confirmed that these spots did indeed clusterthese spots are shown enlargedrigure 5. Statistical analysis

the gels according to their group§&igure 3A shows the
separation based on differences in intensity, &glre 3B
shows the segregation based on differences in variability.
Identification of Proteins That Were Significantly Differ-
ent in Brains of Rats That Ingested GSE.AIll of the spots

revealed that 14-3-8 protein was 1.6-fold lower in intensity
in GSE brains relative to control brains, which was confirmed
by Western blot analysis (Figure 5B,C).

Because cytoskeletal components make up a major portion
of total protein in neural tissue, it was not surprising that

indicated inFigure 2 that discriminated 100% between the quantitative changes would be found in this category of proteins
groups of gels, as well as several that were also significantly in this study, although actin has previously been considered to
different in intensity (H-O), were excised, incubated with be a “housekeeping” gene; that is, its mRNA level is not
trypsin, and subjected to peptide mass fingerprint analysis by changed in response to many stimuli. Following dietary
MALDI-TOF MS, as described under Materials and Methods. supplementation with GSE, however, the levels of brain actin
Table 2lists the putative protein identifications and associated (Figure 2, spots L and Q) were affected, both in level and in
information for each gel spot analyzed by MALDI-TOF MS. It isoform complexity; its identification by PMF analysis (Table
should be noted that ALL of the proteins identified had MOWSE 2) and its lowered expression in GSE gels were confirmed by
scores above accepted threshold values. Spots N and T (se&Vestern blot analysisFfgure 5A,B). Other spots that were
Figure 2) were not included. It should be noted that because —1.6- and—1.52-fold lower in intensity in the GSE gels were
the matches obtained by MALDI-TOF MS are matches of one glial fibrillary acidic protein (GFAP) Figure 2, spot F, MW



7876  J. Agric. Food Chem., Vol. 52, No. 26, 2004 Deshane et al.

A
3
a
oM | i
b S R &
c
3 2 a5 00 %s 0 '. 05 J' 15 2 25 3
3 L 2R 4
o 1 L 2
= * * * .
< * * 2
£
a * 3
Principal Component 2
B.
[ 1 o O 4
O
oob D ,d oo
= m| .
- | l_|_5| -
t *
§ b 3 & 1 o ‘} 1 &s 4 5
2 .
£ . -2
38
3 -4 *
=3
2
£ . N

Principal Component 2

Figure 3. (A) PCA of the first and second components of the GSE brains versus the control brains using the significant differences in intensities. (B)
PCA of the first and second components of the GSE brains versus the control brains, using the significant differences in variability. The open rectangles
represent the GSE gels, and the solid diamonds represent the control gels.

250 kDa, and spot G, MW 49 kDa; see alBmure 5) and was boxed and quantified as a separate unit, and the average of
vimentin (Figure 2, spot K, andFigure 5), respectively. In five determinations for each antigen was then plotteligure
addition to a lower intensity, the 49 kDa GFAP spot also 7C.
exhibited a Change in Varlablllty in the GSE brains that was Re|aﬂonship of These Data to Previous FindingsRecent
significantly different between the two sets of gels (see also analyses have identified proteomic changes in AD brain after
Table 2; Figure 5). AsFigure 5 shows, all of the cytoskeletal autopsy 19, 20) and in the brains of two mouse models of
proteins had multiple gel spots, which were identified by PMF neurodegeneration, the glycogen synthase kin8Y63K-3p)
analysis (Table 2). It is noteworthy that all of the proteins that mouse (21) and the Htau40-1 mouse (22). We compared the
were significantly lower in amount between the GSE and control proteins affected by GSE in this study with those that had
gels were cytoskeletal proteins. recently been identified in these previous studies. In the GSK-
Novel Polypeptides Differentially Expressed in GSE versus 34 transgenic mouse, overexpression of a constitutively active
Control Brain. Two polypeptides of 26 kDa andl (5.0 had GSK-3j results in a model of neuropathology similar to AD
1.56-fold lower intensity in GSE gels relative to contriéidure (23). Similarly, the Htau40-1 mouse, which overexpresses the
2, spots D and EFigure 6A); these two were part of the subset longest isoform of human (Htau40-1), results in neurodegen-
of spots that discriminated 100% between the two groups of eration similar to that seen in the GSIg-8nouse and in AD
gels (Table 2). These polypeptides matched with high MOWSE  (24). More proteins were identified to be “different” between
scores (169 for spot D and 95 for spot E) to peptides predicted pathologic brain and normal or wild type in these papers than
by a cDNA (NM 025994) in the RIKEN databas#&8g); LC- in our study; however, it should be noted that Schonberger et
MS/MS analysis confirmed this matcRigure 6B). Sequence  al. (19) denoted only directions of change, thattspr —, not
homology analysis using NCBI BLAST has shown that these quantitative differences. Close comparison of previous results
polypeptides correspond to a swiprosin-like protein-1, with with those in the present study (Table 3) showed that wherever
corresponding accession no. gi34872436. Efforts are underwaythere was a common protein, either it was invariably changed
to characterize these polypeptides and the consequence oby GSE in the opposite direction to what had been found for
changes in their expression following ingestion of GSE. that protein in the diseased brains or there was a difference in
Although the 2D Western blot analysis confirmed the complexity. For example, whereas HSP60 was found at a lower
proteomics identifications and the differences in intensity, we amount in AD brain as well as in the GSK3drain, it was
nonetheless carried out conventional one-dimensional SDS-increased 1.5-fold in GSE brains relative to the control brains.
PAGE analysis, in which all 10 brain homogenates in the study Similarly, neurofilament L protein (NF-L) was reduceeR-
were analyzed simultaneously on one gel that was stained forfold in both mouse models and also was lower in AD; in the
total protein (Figure 7). Three replicate gels were Western brains of animals that ate GSE, however, this protein was
blotted and probed with the same antibodies against CK-BB, increased by 1.63-fold. It should be noted that several proteins
HSP-60, and 14-3-8-used in the 2D Western blots. Asgure detected in the present study as being significantly different in
7 shows, comparison of the immunoreactivities of equal amounts either amount or isoform complexity, actin, RIKEN cDNA NM
of total protein for GSE and control brain homogenates gave 025994, and neurofilament M protein (NF-M), were not detect-
approximately the same differences in intensity that the statistical ably different in the diseased brain in other studies. In general,
analysis and 2D gel Western blots had indicated. It should be however, wherever there was a protein that was identified among
noted that for each of the proteins, each immunoreactive bandany of the three studies and our study, invariably the direction
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Table 2. Proteomic Characterization of Polypeptide Differences between GSE and Control Rat Brains?

no. of obsd predicted
matched accession MOWSE MW MW obsd predicted peptides sequenced by
spot ID protein name peptides no. score (kDa) (kDa) p/ p/ LC-MS/MS

A 14-3-3 ¢ 10 P42655 1.41E+09* 319 29.1 45 4.6

B neurofilament L triplet protein 14 0i13929098 120 61.0 61.2 4.6 4.6

C neurofilament M triplet protein 19 0i8393823 153 95.0 95.6 47 4.7 EYQDLLNVK
MALDIEIAAYR
FSTFSGSITGPLYTHR
VQSLQDEVAFLR

D RIKEN cDNA 9 NP080270 169 26.0 25.1 5.0 5.0 ADLNQGIGEPQSPSR

E (NM 025994) NP080270 95 26.0 25.1 5.1 5.0 SMIQEVDEDFDSK

F GFAP 20 P47819 9.67E+09* 49.0 49.9 54 53

G GFAP 12 P47819 88 230.2 49.9 5.1 5.3

H mitochondrial matrix protein 10 P19227 1.26E+04* 64.9 60.9 5.6 5.9 VGEVIVTKDDAMLLK

precursor P60 (HSP 60) IQEITEQLDITTSEYEKEK

ISSVQSIVPALEIANAHR
VGLQVVAVK

| HSC-70 12 i4103877 110 70.3 42,5 5.3 6.6

J HSC-71 16 0i123644 105 70.3 71.2 54 5.4

K vimentin 10 0i202368 93 53.6 53.6 5.0 5.0

L actin 8 P10365 2.18E+05* 42.0 41.6 53 5.4

M creatine kinase 12 P07335 1.66E+05* 45.6 42.7 54 5.3 LEQGQPIDDLMPAQK

brain 3 chain LLIEMEQR

0 o-enolase 9 P04764 6.64E+05* 46.0 46.9 6.0 6.2 VVGDDLTVTNPK

P y-enolase 10 P07323 95 47.0 47.1 51 5.0 AAVPSGASTGIYEALELR
LDNLMLELDGTENK
MVIGMDVAASEFYR

Q actin 12 gi113307 96 421 41.6 55 5.4

R creatine kinase 10 P07335 108 45.6 427 55 5.3

brain 3 chain
S o-enolase 13 P04764 105 46.0 46.9 6.2 6.2

@The proteins and their associated parameters resulted from PMF analysis carried out by MALDI-TOF MS as described under Materials and Methods. The spot ID refers
to the gel spots in Figure 2 that were excised for the PMF analysis. The number of matched peptides refers to the number of tryptic peptides that were used to identify
the protein within MASCOT. The accession number is the identifier assigned to the gene that encodes the polypeptide identified in MASCOT. The MOWSE score is the
molecular weight search engine probability score, which indicates the goodness of fit. Asterisks indicate MOWSE scores obtained with PS1 software (Applied Biosystems)
that automatically performs the best match for the generated tryptic peptide fingerprint. A PS1 MOWSE score of >1 x 10° (1E3) is considered to be statistically significant.
A MASCOT MOWSE score of >74 is considered to be statistically significant. Obsd MW and p/ refer to the empirically determined molecular weight and p/ for the
polypeptide, based on calibration of the 2D gel images within the image analysis software. The predicted MW and p/ refer to the molecular weight and isoelectric point of
the polypeptide predicted by the amino acid sequence encoded by the gene for that polypeptide. The peptides sequenced by LC-MS/MS were obtained as described under
Materials and Methods. Note spots D and E, and F and G, were paired, because each pair of spots corresponded to the same polypeptide, as indicated by mass
spectrometry.

of change induced by the GSE was in the opposite direction tration determination, the passive rehydration of the IPG strips

from that detected for the protein by others. with the protein samples, and instrumentation drift in the
imaging step. In view of these various parameters, some
DISCUSSION variation in total signal from gel to gel was expected and

addressed in our study by normalizing the intensity of each spot
by the sum of the total spot intensities on the gel. This
normalization method is widely used in DNA microarray
analysis for similar reason8%). Similarly, normalization was

In this study, we have shown for the first time that ingestion
of a polyphenol-enriched preparation, grape seed extract,
resulted in a reproducible set of changes in the amounts and

isoform complexities of specific proteins in the brains of normal .
adult rats. These results were obtained by a combination of 2Dextended across the samples in a group and between treatment

electrophoresis, statistical analysis, and mass spectrometr)ﬁglrloupS bleca]yse nolrlntmalltythetsame total arr:ou(rjlt gf prct)tetlﬂ froml
analysis. For several of the proteins, conventional Western blot 2 .Sam_IPh?S rom a hrea gwep grou%s was l?a N on% € ged
analysis using commercially available specific antibodies con- strips. This approach made for a substantially more robust an

firmed both identities and differences between GSE and control "€liable interpretation of the gel image dataset.
gels indicated by the statistical and mass spectrometry analysis. However numerous the options in sophisticated software

The statistical methods used in this study included the image analysis packages, a deficiency of most commercial image
traditional Studenttests andF tests to initially identify subsets ~ analysis software, including the one utilized in the present study,
of proteins that were statistically different between the groups. IS the inability to implement any transformation routines to the
DA then teased out the least number of proteins that could data. BiOIOgicaI SyStemS are notorious for data that are not
explain the differences between the two treatment groups.normally distributed (as occurred in the present study). Ap-
Finally, PCA provided a visual representation of the fact that Propriate transformations (e.g., logarithmic normalization) prior
the gels segregate to two groups. These methods have beeff further statistical analysis were enabled by exporting raw spot
widely used in the analysis of data from other high-dimensional intensities into an Excel format followed by log transformation
systems (29—31). using SAS.

The high dimensionality (multiple sources of error and Identification of proteins, whether in gel “spots” or in solution,
variation) of 2D gel analysis introduces many sources of by peptide mass fingerprinting has become routine. The public
variation that must be controlled for, including protein concen- availability of search engines such as MASCOT enables any
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Figure 4. Proteins increased in GSE versus control gels: (A) enlarged gel regions showing the spots identified as CK-BB, HSP-60, NF-L, and NF-M
by subsequent mass spectrometry; (B) 2D Western blots probed with anti-creatine kinase BB chain antibody and anti HSP-60 antibody; (C) densitometric
analysis of the Western blots shown in panel B (mean value + SE; n = 3).
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Figure 5. Proteins that were decreased in GSE versus control gels: (A) enlarged stained gel regions showing the spots that were subsequently
identified as 14-3-3 € protein, actin, GFAP (230 and 49 kDa isoforms, vimentin, and o and  isoforms of enolase; (B) 2D Western blot analysis of 14-3-3
e and actin; (C) densitometric analysis of the actin Western blot shown in panel B (mean value + SE; n = 3).

investigator with internet access to carry out analysis of proteins MS analysis prevents detection of at least 50% of the expected
of interest. Wise et al.33) previously concluded, at a time when peptides. Because the total number of potential proteins (based
the protein database contained approximately 100 000 entrieson genome sequence information) and observed proteins
that irrespective of the site of cleavage90% of proteins could has substantially increased, several proteins apparently contain-
be identified on the basis of two to three peptides with a mass ing the submitted peptides may give rise to similar MOWSE
accuracy of 1 Da. Nowadays, typically, identifications are made scores. A partial solution is to more accurately determine the
on the basis of four to eight recognizable peptide massesmass of each peptide, although this does not always yield
following trypsin digestion because the large variation in the conclusive results. A better approach is to carry out tandem
observed intensities for individual peptides in MALDI-TOF- mass spectrometry (LC-MS/MS) on the tryptic peptides. In this
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Figure 6. Novel polypeptides lowered in expression in GSE versus control gels: (A) enlarged gel regions showing the pair of polypeptide spots at 25
kDa and p/ 5.0 that differed significantly in intensities between control and GSE gels; (B) LC-MS/MS fragmentation pattern that identified these polypeptide
spots as highly homologous with the polypeptide encoded by RIKEN cDNA NM 025994. The b and “y” ions that generated the amino acid sequence are

indicated above the fragmentation pattern.
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Figure 7. SDS-PAGE Western blot analysis confirms statistical determi-
nation of protein expression affected by GSE. Twenty-five micrograms of
protein from each of the 10 brain homogenates in this study was
electrophoresed on one SDS-PAGE gel. (A) One gel was stained with
Sypro Ruby, to visualize total proteins. (B) Replicate gels as in panel A
were electrotransferred to PVDF membranes and probed with antibodies
against CK-BB, HSP60, and 14-3-3-¢. (C) Densitometric analysis was
performed for the Western blots shown in panel B. Each of the 10 lanes
in panel C was analyzed separately by densitometry; thus, the signal for
each protein is an average of five determinations.

predictable, and although not every possible fragment ion is
observed in the tandem mass spectrum, a combination of ions
is sufficient to identify parts of the internal sequence of the
peptide. Therefore, with the confirmed sequence of the peptide,
the identity of the protein among the possibilities revealed by
peptide mass fingerprinting can usually be made.

Two-dimensional Western blots confirmed the identities of
the brain proteins that underwent significant change in response
to GSE as well as the quantitative information indicated by the
image and statistical analysis. Western blots of 1D SDS-PAGE
of all 10 samples electrophoresed on the same gel further
confirmed the results.

The statistical analysis used in this study revealed changes
in 13 brain proteins that were associated with ingestion of GSE.
The proteins that were increased in expression were the heat
shock proteins, HSP-60, HSC-70, and HSC-71, which have been
suggested to have roles as chaperones in protein folding and
assembly and in protein secretid@4{, as well as in the control
of apoptotic pathways36). CK-BB was also increased in
amount—this enzyme plays an important role in the brain in
regenerating ATP from phosphocreatine at discrete cellular sites
of high ATP turnover 86, 37). Neurofilament proteins (NF-L
and NF-M) were also found at higher levels in the brains of the
animals that ingested GSEhese are cytoskeletal components
of neurons that are important in brain development as well as
in neuronal maintenance (38).

Five proteins were significantly lower in amount in the brains
of animals that ingested GSEthe e isoform of 14-3-3 protein,
GFAP, actin, vimentin, and polypeptides homologous with the
polypeptide sequence predicted by the RIKEN cDNA (NM

technology, CID of the peptides causes fragmentation principally 025994); see also gi34872436. GFAP, actin, and vimentin are
at the peptide bond between residues, producing N-terminal ball cytoskeletal proteins in the brain that have been found in

ions and C-terminal “y”

ions (sed-igure 6). These are

elevated amounts in A2Q) and in reactive glia30). Beyond
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Table 3. Protein Differences Induced by GSE Are in the Opposite Direction to Those in AD and in Mouse Models of Neurodegeneration?

protein name ADb GSK3-p¢ Htau40-1¢ GSE/CT

mitochondrial matrix protein - -1.54,-2.11 NDe +1.5

precursor P60 (HSP-60)
creatine kinase brain /3 chain - -2.16, -1.55 ND +1.52 and new p/f
actin ND ND ND -1.62 and less complexd
GFAP + ND ND -1.61
14-3-3 ¢ + ND ND -1.6
o-enolase + +1.84 +1.94 less complex
y-enolase + ND +1.58 less complex
RIKEN cDNA (NM 025994) ND ND ND -1.56
HSC-70 - ND ND +1.63
HSC-71 - ND ND +1.91
neurofilament L triplet protein - -2.16, -2.36 -2.79 +1.63
neurofilament M triplet protein ND ND ND +1.73
vimentin + ND ND -1.52

aAll of the proteins identified are significantly different in intensity or variability in this study; GSE/CT indicates the fold changes or nature of difference in isoform
complexity in the GSE brain relative to the control brain. 2¢¢ These are the previous studies that identified proteomic differences between human AD and age-matched
nondemented brain (19, 20) and between transgenic mouse models of neurodegeneration and wild-type litermates (GSK3p, ref 21); (Htau40-1, ref 22). € Differences in
these proteins were not detected in the study indicated. fFor CK-BB, there was a shift of one of the spots to a different horizontal position in the gel or a new p/. 9 Certain
spots underwent a reduction in complexity; these spots were always identified by MALDI-TOF MS and LC-ESI-MS/MS to be the same polypeptide as the spots at the
original x,y locations. The proteomic study of the AD tissues did not have quantitative information, only the direction of the change, + or — (19).

its homology to swiprosin 1, which has a putative EF-hand thase, ubiquitin carboxy-terminal hydrolase L-1, dihydropyri-
calcium-binding domain40), the rat protein homologous with  midinase-related protein &-enolase, and HSC-748, 49). It
RIKEN cDNA sequence NM 025994 remains to be discovered. remains to be seen whether any of the modifications detected

The statistical algorithm to detect differences in the variability in the present study were oxidations, and if so, whether the GSE
of the protein spot intensities is described in full elsewhere (S. modulated these.

Meleth, J. Deshane, and H. Kim, unpublished observations). Several polyphenol-enriched dietary supplements prevented
However, visual inspection of the proteins indicated by this memory loss and cognitive impairment in animal behavior
method confirmed consistent differences in the pattern of studies (50)G. bilobahas recently been suggested to improve
isoforms/post-translational modifications for andy-enolases, memory in a clinical trial $1), although this is controversial
actin, and CK-BB such as iRigures 4 and5 (the latter two (52). Changes in amounts of certain mRNAs in the brain were
proteins were also shown to be different in amounts in the brains reported in mice treated wit. bilobausing DNA microarray

of the rats that ingested the GSE-supplemented diet). Enolaseanalysis (53); a direct analysis of the protein changes, however,
is the enzyme that converts 2-phosphoglycerate to phospho-was not carried out. This report is thus the first to document
enolpyruvate in the glycolytic pathway. The predominant dimers multiple changes looking directly at protein expression in the
of this enzyme in the brainyy andyy, are neuron-specific,  brain, in response to a specific but complex dietary supplement.
because they isoform is neuron-specific, whereas tloax Given that GSE contains polyphenols, it was not unreasonable
isoform is restricted to glial cellsA(). to hypothesize that ingestion of this dietary supplement would

Previous proteomic studies in mammalian brain cataloged influence brain protein expression. What remains to be deter-
over 1700 proteins representing 437 genes from human fetalmined is whether the changes are due to the polyphenols and/
brain (42). Others examined the effects of agidg)( neuro- or their metabolites acting directly in the brain or indirectly by
degenerative disease (44), and expression of transgenes imodulating the metabolism of endogenous compounds in the
models of AD (21,22). In old versus young rat brain, five gut during their enterohepatic circulation. Another possibility
protein spots were found to be down-regulated (correspondingis regulation of signaling through the gtitrain axis via the
to peroxiredoxin 2-like protein, stathmin, and apolipoprotein nervous system. Finally, it remains to be seen how the protein
Al precursor, as determined by MALDI-TOF MSX1J). changes demonstrated in this study are functionally related to
Interestingly, peroxiredoxin 2 is up-regulated in several diseasesneurodegeneration and memory loss. At this point, it can be
associated with neurodegeneration such as Down syndrome, ADstated that the changes described here in the proteins following
and Pick’s disease (45). ingestion of grape seed extragere consistent with a neuro-

In the brains of transgenic mice expressing pathological levels protective action, because the directions of the changes were
of the longest isoform of humanprotein, 34 proteins differed ~ opposite to those detected for the same proteins in diseased
in expression by at least 1.5-fold compared to wild-type mice brains (seeTable 3). Epidemiological data suggested that
(22). This study also identified in mutant (S9A) GSK-3  moderate consumption of red but not white wine was associated
transgenic mice 51 differentially expressed proteins (21), some with a reduction in dementias, including A34), consistent
of which were identified in this study (sé&able 3). Krapfen- with our hypothesis that the grape polyphenols enriched in red/
bauer et al.45—47) also identified brain proteins (heat shock purple grape skins and seeds are neuroprotective. The recent
protein 27, glucose regulated protein 78, neurofilament proteins, failure of traditional hormone replacement therapy to protect
a-internexin, tubulina-1, dehydrolipoamide dehydrogenase, against postmenopausal cognitive impairment (55) alone pro-
ATP synthase8 chain, isocitrate dehydrogenase, and pyruvate Vides urgent rationale for the development of products (perhaps
kinase M1) that underwent changes in expression following based on the grape components such as used in this study) that
intraperitoneal administration of the neurotoxin kainic acid. ~ will have neuroprotective actions in elderly women.

Certain proteins have been suggested to be oxidized to higher Because this study was a first experiment, looking at global
extents in AD brain, namely, creatine kinase, glutamine syn- changes in the brain, whole brain homogenate was examined;
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future studies will examine selected brain regions such as the Supporting Information Available: Tables of grape seed
hippocampus or entorhinal cortex, regions that have been shownextract composition and of all significantly different gel spots
to be important in memory and cognitive function and that have in GSE and control gels. This material is available free of charge
been shown to be affected in AD. In view of the fact that dietary via the Internet at http://pubs.acs.org.

supplements enriched in polyphenols such as those in GSE are
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