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Antiadhesion Components from Wild Blueberry (  Vaccinium
angustifolium  Ait.) Fruits

BARBARA M. ScHmiDT,! AMY B. HoweLL,* BRIAN MCENIRY
CHRISTOPHERT. KNIGHT,T DAVID SEIGLER,® JOHN W. ERDMAN, JR.,* AND
MARY ANN LiLa*.T

Department of Natural Resources and Environmental Sciences, University of lllinois at
Urbana—Champaign, 1201 South Dorner Drive, Urbana, lllinois 61801; Phillip E. Marucci Center for
Blueberry and Cranberry Research, Rutgers University, 125A Lake Oswego Road,
Chatsworth, New Jersey, 08019; Department of Plant Biology, University of lllinois at
Urbana—Champaign, 505 South Goodwin Avenue, Urbana, lllinois 61801; and Department of Food
Science and Human Nutrition, University of Illinois at Urbana—Champaign,
905 South Goodwin Avenue, Urbana, lllinois 61801

Extracts from wild blueberry (Vaccinium angustifolium Ait.) were separated into proanthocyanidin-
rich fractions using liquid vacuum and open column chromatography on Toyopearl and Sephadex
LH-20, respectively. Fractions were characterized using analytical tools including mass spectrometry
and NMR spectroscopy; fraction composition was correlated with bioactivity using antiproliferation
and antiadhesion in vitro assays. There was a significant positive correlation between proanthocyanidin
content of different fractions and biological activity in both the antiproliferation and antiadhesion assays.
Two fractions containing primarily 4—8-linked oligomeric proanthocyanidins with average degrees of
polymerization (DPn) of 3.25 and 5.65 inhibited adhesion of Escherichia coli responsible for urinary
tract infections. Only the fraction with a DPn of 5.65 had significant antiproliferation activity against
human prostate and mouse liver cancer cell lines. These findings suggest both antiadhesion and
antiproliferation activity are associated with high molecular weight proanthocyanidin oligomers found
in wild blueberry fruits.
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Wild blueberries (Vaccinium angustifoliuAit.) and related ing factor in heart disease and cancer. In a study by Lindenmeyer
Vaccinium species are rich sources of dietary flavonoids et al. (7), the flavonoid apigenin was found to reduce protease-
including anthocyanins and proanthocyanidins (condensed tan-dependent invasiveness of tumor cell lines, reducing proliferation
nins) (1—3). Vacciniumfruits are recognized for their high  and other associated processes. FlavonoidSiigko biloba
antioxidant capacities that rival those of ascorbic acid (vitamin have been shown to be nitric oxide (NO) production regulators.
C) and butylated hydroxytoluene (BHT3), Consuming foods  They reduce overproduction of NO in monocytes and macro-
high in antioxidants may decrease the risk of cardiovascular phages by inhibiting inducible nitric oxide synthase (iNOS) and
disease and various forms of cancer (5). Recent research hagcavenging excess N®)( G. bilobaextracts and the flavonoid
suggested a range of other biological mechanisms in addition quercetin suppressed in vivo production of NO when laboratory
to antioxidant properties that flavonoids provide to the human animals were challenged with administration of bacterial lipo-
consumer. Manthey (6) found that flavonoids decrease inflam- polysaccharide (LPS) (8).
matory responses by reducing prostaglandin production through
enzyme inhibition including cyclooxygenase (COX), lipoxy-
genase (LOX), and phospholipase. Inflammation is a contribut-

Flavonoids in wild blueberries are chemoprotective enzyme
modulators as shown by Smith et &) @nd Bomser et al9(
10). Research suggests flavonoids have a role in neuroprotection,
* Corresponding author [telephone (217) 333-5154; fax (217) 244-3469; reducing the incidence .Of age-re!ated n(.aurmmjhawpraly
e-mail imagemal@uiuc.edu]. decrementsl(l) and potentially reducing the risk of Alzheimer’s
lDepartment of Natural Resources, University of Illinois. disease (12). Blueberries have also been shown to reduce in
Phillip E. Marucci Center, Rutgers University. vitro P-fimbriatedE. coli adhesion of bacterial strains respon-
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Proanthocyanidins, commonly called condensed tannins, havemL/min. Numerous method variations were attempted including
been a subject of recent studies evaluating the health benefitglifferent mobile phase solvents (methanol, acetone, acidified water),

of Vacciniumspecies (2,3, 14—16). Proanthocyanidins are
highly concentrated in wild blueberries3,(9) and other

Vacciniumfruits (2, 14, 17). These multiunit flavan-3-ols are
far more difficult to isolate and characterize than simple

polyphenols due to their complex nature. Proanthocyanidins are

flow rates (1.0, 0.75, 0.25 mL/min), and run times-@ min).

In addition, F5 was subfractionated using open column chromatog-
raphy on a 150 mnx 18 mm Sephadex LH20 column (bed volume of
1.9 x 10* mm®). A wash of 35% ethanol was used to prime the column.
F5 (250 mg) was dissolved in 35% ethanol and poured onto the column.
The first subfraction (F5.1) was eluted with 100 mL of 35% ethanol.

made up of catechin or epicatechin monomeric units with either e second subfraction (F5.2) was eluted with 100 mL of 70% acetone,

A-type or B-type linkages18, 19). The type of linkage seems
to have an effect on bioactivityl b, 20). Additionally, the degree

of polymerization may determine the type and level of bio-
activity. Lower molecular weight proanthocyanidins (dimers and
trimers) had mild activity, and higher molecular weight pro-

removing all colored material from the column. Both subfractions were
reduced in volume using a rotary evaporator at@Qlyophilized, and
stored at—20 °C until bioassay and identification procedures were
performed.

TLC of Blueberry Fractions. TLC was performed on all fractions

anthocyanidins (tetramers through higher polymers) were more and subfractions, using 20n thick, 2-25m, 60 A aluminum backed

potent in bacterial antiadhesion assays @®,21).

Cancer and infection are serious health concerns worldwide

that may be partially preventable by consuming a diet rich in

silica gel plates (Sigma-Aldrich, Steinheim, Germany) developed with
a solvent ratio of ethyl acetate/MeOH/water (79:11:10). The chromato-
grams were visualized separately with two spray reagents (vanillin
HCI and dichromate cleaning solution) followed by heating at 400

fruits and vegetables. This study was undertaken to determinesor 10 min. These sprays allow for visual monitoring of proantho-

the role of proanthocyanidins in the bioactivity of blueberries,
to establish a foundation for future studies on the in vivo activity
of wild blueberry proanthocyanidins, and to provide methods
for the isolation of high molecular weight proanthocyanidins
from berries and other plant materials.

MATERIALS AND METHODS

Plant Material. Whole individually quick-frozen wild blueberry
fruits were obtained from the Wild Blueberry Association of North
America (WBANA), Bar Harbor, ME. The blueberries were a composite
of fruit from different growing regions including Prince Edward Island,
New Brunswick, Nova Scotia, and Maine. The composite was made
in fall 2001, frozen by Cherryfield Foods, Inc. (Cherryfield, ME), and
stored at—15 °C. The fruit was shipped frozen on dry ice to the
University of lllinois at UrbanaChampaign, where it was stored at
—80 °C until use.

Preparation of Crude Extract. Frozen wild blueberries (1.0 kg)
were homogenized in a Waring blender with 2000 mL of 70% acetone
for 5 min. The resulting slurry was filtered through multiple layers of

cyanidins and sugars in fractions.

Vanillin Proanthocyanidin Quantification Assay. Quantification
of proanthocyanidins involves the chemical conversion of proantho-
cyanidins to red products, which can be measured spectrophotometri-
cally. Condensation of vanillin with the proanthocyanidin phloroglucinol
ring, catalyzed by sulfuric acid, results in the formation of a carbonium
ion with a red color 24). The vanillin reagent was prepared by adding
a 50 mL aliquot of 70% sulfuric acid solution to 0.5 g of vanillin. The
reagent was cooled in an ice bath to ZD. Blueberry fractions were
dissolved in 1 mL of MeOH at a concentration of 1.25 mg/mL and
vortexed. Aliquots (25@L) of the blueberry methanol fractions were
added to 1.75 mL of vanillin reagent, the tubes were incubated in a
water bath at 20C for exactly 15 min, and 10@L was added (in
triplicate) to a 96-well plate. Optical densities were recorded at 490
nm against MeOH. The concentration of proanthocyanidin in each
blueberry fraction was determined from a standard curve generated from
optical density readings of isolated cranberry proanthocyanidin at 490
nm. This standard is composed of oligomeric proanthocyanidins, which
have been shown in the vanillin assay to give a more accurate
representation of the proanthocyanidin content of unknown samples,
as compared to using catechin as a standard (25). Blanks (blueberry

cheesecloth. The pulp and seeds were rehomogenized with 500 mL offraction without vanillin reagent) were run on each blueberry fraction
70% acetone and filtered through cheesecloth. This procedure wasprior to the addition of vanillin reagent. The absorbance for each was

repeated one more time, removing all purple pigment from the solids.
The crude extract was concentrated by rotary evaporation 4t 4@til
all acetone was removeek2 h. A portion of the crude extract was
lyophilized and reserved for bioactivity testing. The remaining extract
was frozen at-20 °C until fractionation was performed.

Fractionation Procedures.Crude extract (250 mL) was placed on
a 160 mmx 70 mm column of 75 g Toyopearl HW 40F (Tosohaas,
Bioseparation Specialists, Montgomeryville, PA) (bed volume of
approximately 3.1x 10° mm?®) and fractionated by vacuum (40 psi)
liquid chromatography using a series of solvents as follows: fraction
1, 500 mL of water; fraction 2, 500 mL of 50% aqueous methanol;
fraction 3, 500 mL of methanol; fraction 4, 500 mL of acetone; and
fraction 5, 500 mL of 50% aqueous acetone. After the fifth fraction,
all colored material was removed from the column. Analysis of solvents

subtracted from the sample plus reagent number to get a final
absorbance at 490 nm. Due to the production of colored product in the
vanillin assay, any interference by anthocyanins in the unreacted sample
can be eliminated using a blank of the unreacted sanffg. (An
approximate concentration of proanthocyanidin in each sample was
determined from the absorbance values using a standard curve.
Mass Spectrometric Analysis Electrospray ionization (ESI) mass
spectrometric analyses were made with a Micromass Quattro |
quadrupole-hexapole-quadrupole (QHQ) mass spectrometer (Waters,
Milford, MA) equipped with an electrospray ion source. Samples were
introduced into the instrument by loop injection. Data acquisition and
processing were controlled by the Micromass MassLynx data system.
Samples dissolved in a mixture of aqueous methanol, acetone, and
ammonia were run in negative mode with ion optics as follows:

(aqueous acetone and aqueous ethanol) used to clean the column aftesapillary voltage, 3.5 kV; and cone voltage, 25 V. The source block

fraction 5 by thin-layer chromatography (TLC) using vanitiHCI and

temperature was 65C, and inlet flow was adjusted to 14./min.

dichromate spray reagents plus UV analysis showed no compoundsContinuous mass spectra were recorded over the nawigig00—2000

similar to fractions 2-5. Fractions 25 were reduced in volume by
rotary evaporation at 40C. Fraction 1 was discarded as waste. After
fractions were concentrated, they were lyophilized and storeelét
°C until bioassay.

On the basis of bioassay results and preliminary NMR, fraction 5
(F5) was selected for subfractionation. High-performance liquid chro-
matography (HPLC) using a Hewlett-Packard 1090 instrument with
diode array detection (DAD) and a C18 column was first employed to
separate proanthocyanidins. Following published protocols for HPLC
separation of proanthocyaniding?, 23), acetonitrile and water (20:
80 v/v) were initially used as the mobile phase with a flow rate of 0.5

with a scan time of 9.9 s and an interscan delay of 0.1 s.
Matrix-assisted laser desorption ionization (MALDI) mass spectra
were acquired using an Applied Biosystems Voyager-DE STR, a high-
performance matrix-assisted laser desorption time-of-flight mass spec-
trometer (MALDI-TOFMS) with a mass range of 56800000 Da in
the positive ion detection mode using 2,5-dihydroxybenzoic acid as
the calibration matrix. It was equipped with a nitrogen laser (337 nm,
3 ns pulse, 20 Hz maximum firing rate) and was run in the linear
detection mode for better resolution of larger molecules. Data acquisi-
tion and processing were controlled by the Applied Biosystems
software.
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NMR Analysis. Proton NMR spectra were obtained using a Varian from experimental and maximum LDH release values. Percent cyto-
Inova 500 spectrometer, at an operating frequency of 500.078 MHz, toxicity is expressed as
using a 5 mnprobe at either 20 or 50C. Spectra were acquired over
a sweep width of 8 kHz, using an acquisition time of 4.1 s and‘a 90 % cytotoxicity= exptl LDH release/max LDH release
pulse width of 7.3us. Carbon-13 NMR spectra were obtained on the
Varian Unity Nova 750 spectrometer. Spectra were obtained with a 10 Each fraction with significant activity in the MTS/PMS antiproliferation
mm broadband probe at 2@, at an operating frequency of 188.55 assay was tested in the cytotoxicity assay using one plate with eight
MHz over a sweep width of 45 kHz, using a®98ulse width of 9.5s, well replicates.
an acquisition time of 0.75 s, and a recycle delay of 3.0 s. Samples for ~ Bacterial Antiadhesion Assay.The antiadhesion bioactivity of the
H NMR were prepared using deuterated dimethyl sulfoxide (DMSO- blueberry fractions was tested by measuring the ability of the fractions
ds) as a solvent; samples f&IC NMR were prepared using wet acetone  to suppress agglutination of human red blood cells (HRBG) @k+)

as a solvent. All samples were stored-&8 °C prior to use. (29) following incubation with P-fimbriateé. coli. Uropathogeni&.
Antiproliferation Assay. Cell Culture. Hepa 1clc7 murine liver  coli strains were isolated from the urine of human patients diagnosed
cancer cells (ATCC CRL 2026) were maintaineadminimal essential with urinary tract infections. Strains specific for P fimbrial adhesins

medium supplemented with 10% fetal bovine serum. LNCaP human were subcultured in tryptose broth at 3C for 16 h, transferred to
prostate cancer cells (ATCC CRL 1740) were maintained in Roswell colonization factor agar (CFA) plate2q), and grown overnight at 37
Park Memorial Institute (RPMI) 1640 medium with 0.25% glucose, °C to enhance production of P fimbriae. Strains were harvested by
0.238% HEPES, 0.011% sodium pyruvate, 0.15% Nakj@&dd 10% centrifugation, washed once, and suspended in phosphate-buffered saline
fetal bovine serum (FBS). Both were kept in a humidified incubator at solution (PBS) at pH 7.0 at a concentration 0k510° bacteria/mL.

37 °C with 5% CQ and were subcultured when 75 mm flasks were The dried blueberry fractions were dissolved in PBS at a starting
90% confluent. In the past, these cell lines have been successfully usedoncentration of 1.2 mg/mL, and the pH was checked for neutrality
to test the effects of phytochemicals on in vitro cancer cell growth (PH 7) to ensure that there were no acids in the fractions that could
(27, 28). interfere with the bacteria in the bioassay. Serial 2-fold dilutions were

Treatment of Cells with Blueberry Fractions or Blanoid Standards. ~ Prepared from each blueberry fraction. Each dilution (30 mL) was
Each blueberry fraction was dissolved in DMSO to make a 4 mg/mL incubated with 10 mL of bacterial suspension on a 24-well polystyrene
stock solution. A quercetin standard was dissolved in DMSO to make Plate for 10 min at room temperature on a rotary shaker. A 3% viv
a 50 mM stock solution. Hepa 1c1c7 cells were plated at a minimum Suspension of HRBCs in PBS was prepared, and 10 mL of the diluted
density of 5000 cells/well in a 96-well plate and incubated for 24 h. blood was added to test suspensions. Suspensions were incubated for
After 24 h, old medium was removed and replaced with fresh medium 20 min on a rotary shaker at room temperature and evaluated
containing 2Qug/mL of blueberry fraction, 2.38 mM quercetin standard, Mmicroscopically for the ability to prevent agglutination. The final
or 0.5% DMSO control, maintaining 0.5% DMSO for each treatment dilution concentration was recorded at which agglutination suppression
or control. Plates were incubated for 48 h, after which bioassays were by the blueberry fractions occurred. Wells containing bacteria plus PBS,
performed. LNCaP cells were handled in a similar manner except that HRBC plus PBS, bacteria plus test fraction, and HRBC plus test fraction
cell density was adjusted to 20000 cells/well in a 96-well plate and the Served as negative controls for agglutination, and wells containing
treatment incubation period was 48 h. bacteria plus HRBC served as a positive control for agglutination.

A CellTiter 96 assay kit (Promega Corp., Madison, WI) was used Statistical AnaIysis._StatisticaI analygis was condu_cted using Sigma
to determine the relative number of viable cells remaining after Plot (SPSS Inc., Chicago, IL, version 8.02). Differences among
incubation with treatments. For the assay, old medium was removed reatments were calculated usingests. Significance of relationships
from the 96-well plates and replaced with 1@00of fresh medium per ~ Was calculated using regression analysis to okiairalues.
well. Next, 20uL of [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2Heetrazolium plus phenazine methosulfate RESULTS AND DISCUSSION

(MTS/PMS) reagent was added to each well followed & 3 h . : . . .
incubation period at 37C and 5% CQ. Plates were read using an Bioassays. Antiproliferation Assay.Fraction 5 from the

. . . o
ELx800 microplate reader (Bio-Tek, Winooski, VT) at 490 nm. A blank Toyopearl extraction isolated with 50% aqueous acetone

row corrected for background noise and data was expressed as a percertignificantly reduced proliferation of Hepa 1clc7 and LNCaP
of the DMSO control. Each treatment was tested on three different Cells, with dose-dependent 73 and 89% growth inhibitions at

plates with eight wells on each plate for a total of 24 wells. Active 20ug/mL and IGo values of 15.5 and 134g/mL, respectively.
fractions were tested for doseesponse at concentrations of 40, 30, Subfraction 2 from F5 (F5.2) was slightly less active than the
20, 12, 15, 10, and ag/mL. F5 parent fraction, inhibiting growth by 64% at 20./mL
Cytotoxicity Assay. To be sure the blueberry treatments were not  (Figure 1), whereas subfraction 1 (F5.1) was difficult to dissolve
causing cell necrosis in the antiproliferation assay, a CytoTox 96 assayand had no apparent antiproliferative activity.
(Promega Corp.) was performed. This assay measures lactate dehy- Cytotoxicity. Although none of the blueberry fractions ap-
Id'c?ge”asle. (LEH) produced by the Ceh”S' LDH is ’ecljelaseg dulrl'”g cell heared to be cytotoxic when viewed under a microscope, a
ysis resulting from necrosis. Bovine heart LDH and lysed cells were guantitative assay was necessary for certainty. Due to the

used as positive controls to verify performance of system components fth Iv fracti five in th tiproliferati
and provide an upper limit for data comparison. To lyse cells for a expense or the assay, only fractions active in the antiproliieration

positive control, 1QuL of lysis solution (9% v/v Triton X-100) was ~ @ssay were tested. F5 and F5.2 had low but statistically
added to eight control wells followed by incubation for 45 min in a  Significant cytotoxicity in both cell lines, similar to a 2.38 mM

humidified incubator at 37C and 5% CQ. To start the assay, 5L treatment with quercetin (Figure 2).
aliquots of media from treatment and control wells were transferred  Bacterial Antiadhesion Assay. Fractions 3, 4, 5, and 5.2 had
into a fresh 96-well plate. For the LDH positive control, &0 of LDH in vitro activity thresholds below 1.0 mg/mL, whereas fraction

positive control solution and 50L of fresh medium were added to a2 had an activity threshold of 4.0 mg/mL. Fractions 4 and 5.2
row of wells (eight wells total). A blank row offre_sh medium unexpose_d demonstrated the lowest activity thresholds at 0.25 mg/mL.
to cells was used to correct for culture medium background noise | o\er activity thresholds represent a higher level of antiadhesion
resulting from residual LDH occurring in serum-containing media. activity because it takes less of the fraction to elicit an
Reconstituted substrate mix () was added to each well, and the antiadhesive response in the bacteria. As an examole. Foo et
plate was incubated in the dark at room temperature for 30 min. Stop al. (20) found thgt ethyl acetate extra.cts of Sephadpex,LHZO
solution (1 M acetic acid, 5&L) was added to each well, and the s \f 4 ° I
plate was read at 490 nm on an ELISA plate reader. To calculate Purified pr(_)antho_cyamd'_ns' from American C'_'anberry exhibited
cytotoxicity, data were expressed as a percentage of control. Averagepotent antiadhesion activity at a concentration ofug®mL, a
absorbance values from the culture medium control were subtractedmuch lower concentration than found in wild blueberry extracts.
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Figure 1. Proliferation of human prostate (LNCaP) and murine liver (Hepa
1c1c7) cancer cell lines treated with blueberry extracts. Q = 2.38 mM
quercetin; CE = crude extract. The final concentration of all blueberry

Schmidt et al.

flavonoids. The presence of proanthocyanidins in F3, F4, F5,
and F5.2 was established by viewing TLC plates with vanrillin
HCI, a specific reagent for flavan-3-o0l2%). We did not see
exceptional resolution of any fraction, suggesting that the
compounds may be copigmented in some cases. This chemical
reaction can occur during oxidizing conditions and results in
polymeric hybrids between tannins and anthocyans® and

may also explain the purple color of F5 and F5.2, even after
chromatographic procedures that should have removed the
pigments.

The vanillin proanthocyanidin quantification assay showed
that F4 had the highest concentration of proanthocyanidins (7.25
mg/mL) and F2 the lowest(1 mg/mL). When these data were
compared to those of the bioass&ygures 1and2), there was
a significant linear relationship between proanthocyanidin
content and antiadhesion activity (R 0.95) and a less
significant relationship between proanthocyanidin content and
antiproliferation activity in the LNCaP cell lind(= 0.68) and
the Hepa 1clc7 cell line (R 0.59). Fraction 4 had a greater

concentration of proanthocyanidins than F5, yet in both cell
lines, F5 had greater antiproliferation power than F4 in the
antiproliferation assay. It is possible that F5 contained pro-
anthocyanidins capable of reducing cancer cell growth that were
I | NCaP .
B Hepa 1c1c7 absent or less concentrated in F4.
100 Because F4 and F5 were exceptionally bioactive, they were
analyzed by NMR spectroscopy and mass spectrometry to
determine the types of proanthocyanidins present. TLC and the
vanillin assay showed that both F4 and F5 contained proantho-
cyanidins but did not yield information about purity, structure,
or degree of polymerization. F5 was subfractionated into F5.1
and F5.2 to obtain fractions that retained the activity of the
parent fraction F5 but were more suitable for NMR. Even though
. . - the yield of F4 was too small to be fractionated in a similar
209 x manner, it was possible to obtain NMR and MS data from the
original fraction.

The proanthocyanidin content of F4 and F5.2 was confirmed
by both IH and 13C NMR spectroscopy techniques, used in
conjunction with negative ion ESI and MALDI mass spectrom-
etry. For both sampledH NMR spectra revealed the presence
of a series of oligomeric proanthocyanidins, with signals
matching published spectra (31). The spectra were composed
of a series of broad signal81, 32). Varying the temperature
at which the spectra were acquired had no effect on observed

Effective Subfractionation. With bioassay data as a guide, line widths, indicating that the broadening does not arise from
F5 was subfractionated using various methods in an attempt toeither inter- or intramolecular exchange or rotational processes.
isolate and identify the active components. HPLC generated aThe observed line widths are due to the presence of many similar
chromatogram with several broad peaks all absorbing at 280 proanthocyanidin structures, resulting in a wide range of
nm, the same absorption spectra as catechin and epicatechiroverlapping signals with similar chemical shifts. Signals from
Unfortunately, all bioactivity was lost when samples were 6.4 to 7.0 ppm correspond to protons at the 2'-, 5'-, and 6'-
separated on HPLC using a C18 column. Open column positions. Those from 4.8 to 5.2, from 4.2 to 4.8, and from 3.6
chromatography proved to be a very successful means ofto 4.1 ppm correspond to protons at the 2-, 3-, and 4-carbon
separating some of the components in F5 without a loss of positions, respectively. Aromatic hydroxyl group signals were
bioactivity. Sephadex LH20 was chosen as the support of choiceapparent from 8.5 to 9.0 ppm. The 6-position proton signals
because it acts by adsorption and release of proanthocyanidinsare found at 5.8 ppm with very minimal 8-proton signals at
separating them without irreversible binding and subsequent6.0—6.2 ppm. This, along with the location of the 4-position
bioactivity loss. F5.1 from Sephadex LH20 dried to a black proton signal, shows the proanthocyanidins are linked with linear
powder and was highly insoluble, even in DMSO. F5.2 had a 4—8 bonds. If the molecules were composed of64bonds,
light purple color and was highly soluble. Both were tested in the protons at the 8-position would be present and the 4-position
the antiproliferation assay; F5.2 had slightly less activity than proton signals would be shifted downfield. There were no other
the F5 parent fraction. F5.1 had no antiproliferation activity major signals present in F5.2, ruling out the presence of other
(Figure 1). types of flavonoid molecules, coumarate, cinnamate, or pro-

Compound Identification. TLC was performed on all of the  anthocyanidins, based on other units. However, in F4, in addition
fractions in an effort to determine general composition of to the proanthocyanidin signals, there were also peaks at 7.1
fractions. Fraction 2 contained anthocyanins and many simple 7.3 ppm and at 1:61.5 ppm. These peaks match the signals of

fractions was 20 ug/mL. Asterisks indicate treatments that were significantly
different from control (p < 0.05).

120
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Figure 2. Percent cytotoxicity of blueberry fractions on LNCaP and Hepa

1clc7 cell lines. Max LDH = maximum LDH release control; Q = 2.38

mM quercetin. The final concentration of F5 and F5.2 was 20 ug/mL.

The final concentration of DMSO was 0.5%.
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Figure 3. 13C NMR spectra of wild blueberry fruit fraction 4.

rhamnose, lipid impurities, and perhaps a flavonoid glycoside, 65, and 15 ppm. The signals resemble the chemical shift of
but it is difficult to make a positive identification using jult flavonoid glycosides (35). These compounds were not evident
NMR. To make a more positive identification of the structural on TLC plates or HPLC chromatograms; they occur in small
differences of F4 and F5.2, additional analytical methods were quantities relative to the proanthocyanidins. One other difference
employed. between F4 and F5.2 was that F4 had weak carbon signals at
Carbon-13 NMR spectraF{gures 3 and 4) confirmed the 151-152 and 104.5 ppm, whereas F5.2 did not have any signal
IH NMR observations that F4 and F5.2 contained primarily present in this region. These chemical shifts are in the region
proanthocyanidin oligomers&igure 5). Peaks at 115116 and of C5 and C7 of a doubly linked phloroglucinol A-rin@Q).
119—121 ppm correspond to the chemical shifts of, €5, Because the signals were small in F4 and absent in F5, A-type-
and C6', respectively, of the catechol B-ring0J. Other linked proanthocyanidins probably make up a small percentage
chemical shifts found in the flavan-3-ol skeleton include,C3  of the total proanthocyanidin fraction from blueberries. In
C4', C5, and Cl'of the B-ring at 145 and 132 ppm, respectively. addition, the data from the proton spectra indicate primarily
The major peak at 145 corresponds to G8id C5' of single 4—8 bonds. This is in contrast to the American cranberry
prodelphinidin, whereas the minor peak corresponds to the C3 (Vaccinium macrocarpon), which has been shown to contain a
and C4 from procyanidin structures$g). The presence of both  much larger portion of A-type proanthocyanidir20j. In the
peaks indicates that both procyanidin and prodelphinidin types relation of structures to bioactivity, it should be noted that in
of proanthocyanidins are present; the only difference is an the antiadhesion assay, isolated cranberry proanthocyanidins
additional hydroxyl group at the Gposition in prodelphinidin. were more active than fractions F4 or F5.2 from blueberry.
Prodelphinidins have been reportedMacciniumberries (30), Another structural difference that has been shown to effect
and delphinidin is a common component\@cciniumantho- bioactivity is the degree of polymerization (DPn) of the
cyanins (34). Signals from C5, C7, and C8 of the A-ring were proanthocyanidin polymers. DPn can significantly affect the
seen at 155159 ppm and C-ring carbons from 65 to 80 ppm. ability of a proanthocyanidin to associate with proteins and
These C-ring carbons are particularly sensitive to stereochemicalpolysaccharides (3036, 37). The antioxidant, antifungal,
changes (33). C3 peaks from cis and trans isomers occur at 73antienzymic, antisecretory, and antitumor properties of pro-
ppm, but those for C2 appear at 76 ppm for the cis and at 84 anthocyanidins may also correlate with their DBB)( Negative
ppm for the trans form. As the area between 65 and 80 ppmion ESI (Figures 6and7) and MALDI (Figure 8) mass spectra
contains several signals, especially in F4, there may bewere used to identify and calculate the DPn of oligomeric
molecules of various stereochemistries present. proanthocyanidins in F4 and F5.2. The ESI mass spectra from
There were several differences between'#ieNMR spectra F4 demonstrated the presence of a series of proanthocyanidins
of F4 and F5.2. The spectrum of F4 indicated the presence ofranging from singly charged monomers (DP1, catechin or
several non-proanthocyanidin impurities that are not seen in theepicatechin) to doubly charged octamers (DP8). In F5.2, the
spectrum of F5.2. These included signals at-1291, 193, 62— series of proanthocyanidins ranged from doubly charged tet-
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Figure 4. 13C NMR spectra of wild blueberry fruit fraction 5.2.
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Figure 5. Structure of a typical proanthocyanidin molecule (DPn = 3)

with single 4—8 bonds.

A singly charged pentamer peak was visible in F5.@vat1441.
There may also be a singly charged tetramer obscured/zat
1153 by the doubly charged octamer peak. As Foo andBB (
observed, doubly charged species are expected for larger
polymers, most likely from the increased charge separation,
which minimizes the electrostatic repulsive forces. When the
ESI mass spectrum scale from F5.2 was expanded, the doubly
charged tetramer peak(z576.6) had a primary isotope signal

at half integral spacing (fn577.1), confirming the peak is from

a doubly charged ion (39). There were several differences in
the ESI mass spectra for F4 and F5.2. F4, in addition to the
presence of smaller molecular weight proanthocyanidins (epi-
catechin/catechin monomers through trimers), contained a few
peaks that did not correspond to proanthocyanidin signals and
were not found to be artifacts of the run. Peaksrdr 301,

463, and 513 corresponded to the molecular weights of
quercetin, quercetin glucoside, and perhaps quercetin xyloside
malonate. These peaks were not seen in F5.2 ESI mass spectra
and are in agreement witBC and'H NMR spectra of F4 that

ramers (DP4) through doubly charged octamers (DP8); there Suggested the presence of flavonoid glycosides.

were no measurable monomers or dimers present. A small peak To confirm the results of the ESI mass spectra, MALDI mass
at m/z 432 indicated a minimal amount of doubly charged spectra were recorded in the positive ion mode. MALDI mass
trimers present. In both samples, there were signals correspondspectra showed a series of repeating proanthocyanidin polymers
ing to doubly charged ions of the proanthocyanidin tetramer (Figure 8) ranging from the sodium adducts of trimer (DPn3)

(DP4,m/z576) pentamer (DP3n/z720), hexamer (DPén/z
865), heptamer (DPTwz 1009), and octamer (DP8yz 1153).

to nonamer (DPn9). Additionally, there may be doubly charged
polymers up to 17 units occurring at locations similar to the
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Figure 7. Negative ion ESI mass spectrum of wild blueberry fruit fraction 5.2.

singly charged molecules in the spectra. As the molecular weightreducing the apparent abundance of the larger oligon2& (
of the oligomers increases, the signal intensity decreases. ThisOverall, ESI and MALDI mass spectra corroborate that both
is not surprising, as both MALDI and ESI mass spectroscopy F4 and F5 contain a series of proanthocyanidin polymers. In

discriminate in favor of the lower molecular weight ions,

F5.2, lower molecular weight proanthocyanidins (monomer
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Figure 8. MALDI mass spectrum of F5.2 showing a series of proanthocyanidin oligomers.

through trimer) make up an insignificant percentage of the total  In conclusion, NMR and mass spectra show that F4 and F5.2
proanthocyanidin content, whereas F4 has a greater abundancéom wild blueberries were composed of a series of high
of lower molecular weight proanthocyanidins in addition to some molecular weight (largely tetramer to octamer) proanthocyanidin
signals that may correspond to flavonoid glycosides. molecules linked with single48 bonds. Although the blueberry
IH and 3C NMR spectroscopy techniques were used to fractions tested are similar in composition to that of the
estimate the degree of polymerization. In the absence of doubly American cranberry (V. macrocarpoAit.), A-type double
linked A-type bonds, the average molecular weight can be linkages make up only a small percentage of proanthocyanidins
determined directly from the spectra by comparing the areas of present. A-type linkages may play an important role in the ability
the C3 resonances of the terminal and extender flavan-3-ol units,of proanthocyanidins to interact with. coli responsible for
at 67—68 and 7273 ppm, respectively40). The terminal unit urinary tract infectionsi5), which could explain why cranberry
is defined as the lower-most flavan-3-ol unit, which contains proanthocyanidins had higher antiadhesion activity than blue-
C6" in Figure 5. Comparing the intensity of the signal at 67.2 berry proanthocyanidins. In addition, the degree of polymeri-
ppm to that at 72.6 ppm in tHEC NMR spectra of F4 gives an  zation of F5.2 was slightly higher than that reported for similar
intensity ratio of 1:2.5, which represents a DPn of 3.5. For F5.2, fractions of American cranberry fruit (DPa 4.7) (15), being
the3C NMR spectra showed an intensity ratio of 1:4, indicating estimated at 5.0 from th®C NMR spectra and 6.3 from the
the DPn equals 5'H NMR was also used to estimate DPn. !H NMR spectra. Because F4 and F5.2 were composed primarily
Guyot et al. 41) showed that by integrating the A-ring proton of oligomeric proanthocyanidins, it is likely that one or a mixture
signals between 5.8 and 6.5 ppm iH NMR spectra and of several high molecular weight proanthocyanidins is respon-
comparing them to the intensity of the H4 signals of the terminal sible for the antiproliferation and antiadhesion activity measured
units between 2.4 and 3.0 ppm it is possible to derive the DPn. and reported, yet these compounds remain difficult to separate
Using this procedure gives DPn values of 3.0 for F4 and 6.3 and purify. Chemical methods must therefore be developed to
for 5.2. separate individual proanthocyanidin molecules for identification
The NMR DPn estimations for F4 and F5.2 gave overall while retaining them unchanged for simultaneous bioactivity
average DPn values of 3.25 for F4 and 5.65 for F5.2. Becausetesting.
F4 had a larger ratio of lower molecular weight to higher
molecular weight proanthocyanidins than F5.2, this may explain ACKNOWLEDGMENT
differences found in the antiproliferation bioassay. Degree of ] o )
polymerization can significantly affect the interactions between We thank the Wild Blueberry Association of North America
proanthocyanidins and other molecules, with large molecules for kindly supplying the wild blueberries and Marcela Araya-
often having greater biological activity3@, 36, 39). Using  Roldan for help interpreting NMR spectra.
current analytical techniques, it has not been possible to isolate
individual high molecular weight proanthocyanidins, deter-
mine the precise structures, predict molecular shape, and then (1) Kalt, w.; McDonald, J. E.; Donner, H. Anthocyanins, phenolics,
relate individual structures to biological activity on a molecular and antioxidant capacity of processed lowbush blueberry prod-
level. ucts.J. Food Sci2000,65, 390—393.
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