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Anthocyanins represent the main flavonoid pigments in red grape and wine, in red berries, and in
many other fruits and vegetables and are widespread in the human diet. After ingestion, these complex,
hydrophilic compounds quickly appear as intact molecules in the plasma. This study investigated
their presence in the brain of anesthetized rats that received 8 mg/kg of body weight of a pure
anthocyanin mixture extracted from Vitis vinifera grapes. The mixture was maintained in the stomach
for 10 min. After this time, intact anthocyanins were detected by HPLC-DAD-MS not only in the plasma
(176.4 + 50.5 ng/mL, mean + SEM) but also in the brain (192.2 + 57.5 ng/g). These results
demonstrate for the first time that grape pigments can reach the mammalian brain within minutes
from their introduction into the stomach.
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INTRODUCTION observed that levels of intact anthocyanins in the plasma were
similar to those obtained following administration of similar
solutions by the same wayl&). Second, we demonstrate for
the first time that, under these conditions, intact anthocyanins
reached the brain within minutes from their introduction into
the stomach.

Wine has been an element of the human diet in the
Mediterranean area since millennia. Moderate wine consumption
has been associated with a significantly lower incidence of
dementia (1—4), and this has been attributed to the action of
flavonoids (5). The strong inverse correlation between dietary
intake of flavonoids and the risk of developing dementia raises
the issue of whether these molecules can act directly at the levelMATERIALS AND METHODS
of the central nervous system. However, this hypothesis remains  apimals. Male Wistar rats (256270 g) were fed standard laboratory
to be tested. chow (Harlan Teklad 2018) and tap water ad libitum; they were housed

Flavonoids have antioxidant activity and could therefore lower in temperature-controlled rooms at-224 °C and 56-60% relative
cellular oxidative stressG§, which has been implicated in the humidity. Their care and handling were in accordance with the
pathogenesis of various neurodegenerative diseases, includingrovisions of European Community Council Directive 86-609. They
Alzheimer's disease, Parkinson’s disease, and amyotrophic'ere fasted for 24 h before the experiment.
lateral sclerosis (7). In addition, it has been pointed out that ©ther Materials. Two and a half milliliters of a 2.5% (mass/vol)
flavonoids might act as effectors in cell signalirg),(with the solution of 2,2,2-tribromoethanol (Sigma-Aldrich, Steinheim, Germany)

otential to improve cell connections and neurogen@3isThe in ethanol/0.15 M NaCl (1:9, v/v) was used to anesthetize rats. Methanol
P P 9 (HPLC grade, Carlo Erba, Milano, Italy) was used for the extraction

ultimate implication is that the prevention of neurodegenerative o 4nthocyanins from rat tissues. Formic acid (HPLC grade, Carlo Erba)
diseases could be managed through diets rich in flavond@s ( was used for the HPLC analysis.

Anthocyanins are the most abundant flavonoid pigments  preparation of the Anthocyanins Mixture. Anthocyanins were
occurring in red grape and other fruits, vegetables, and winesisolated fromV. vinifera (cv. Cabernet Sauvignon) berries as previously
(11). Following ingestion, they are quickly detected in the described (19). The mixture prepared for feeding experiments was
plasma, although at very low level&83—17). To investigate analyzed by HPLC (see below) and was found to contain the following
whether these compounds may actually reach the brain, Weanthocyanin_s [the percentage represents the proportion of individual
administered a solution of pure anthocyanins extracted ¥itim ~ Peaks relative to the total chromatogram aréa= 520 nm)]:

P : : ; : : delphinidin 3-glucoside, 11.89%; cyanidin 3-glucoside, 1.94%; petuni-
vinifera to anesthetized rats via an intragastric route. First, we din 3-glucoside, 13.83%: peonidin 3-glucoside, 9.26%: malvidin

3-glucoside, 47.18%; delphinidin 3-@-acetyl)glucoside, 2.15%; cya-
* Author to whom correspondence should be addressed (telephdae nidin 3-(6-O-acetyl)glucoside, 0.24%; petunidin 3@6acetyl)gluco-

04?%%/5;3% fj}ﬁﬁgﬁgm_mszg& e-mail fulvio. mattivi@iasma.it). side, 2.21%; peonidin 3-(6-O-acetyl)glucoside, 1.24%; malvidin 3-(6-
§ |stituto Agrario di San Michele all’Adige (IASMA). O-acetyl)glucoside, 7.49%; delphinidin 3-@p-coumaroyl)glucoside,
# Kmetijski Institut Slovenije. 0.12%; cyanidin 3-(89-p-coumaroyl)glucoside, 0.03%; petunidin 3-(6-
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Table 1. Limit of Detection (LOD, sin = 3), Limit of Quantification (LOQ, s/n = 10), and Repeatability for Mass Spectrometry and Diode Array

Detection of Pure Anthocyanins (~600 ng/mL, n = 12)

detection by MS, single ion monitoring

diode array detection, 520 nm

cone

anthocyanin miz voltage (V) LOD (nM) LOQ (nM) repeatability (CV, %) LOD (nM) LOQ (nM) repeatability (CV,%)
malvidin 3-glucoside 331.2 65 19.1 63.8 2.31 371 123.7 0.74
petunidin 3-glucoside 317.2 50 515 1715 1.96 44.2 1473 0.96
delphinidin 3-glucoside 303.2 50 84.8 282.7 5.02 33.9 113.0 0.85
peonidin 3-glucoside 301.2 50 16.1 535 2.18 26.8 89.3 1.03
cyanidin 3-glucoside 287.2 50 38.3 127.6 5.32 334 1115 0.83

O-p-coumaroyl)glucoside, 0.40%; peonidin 3-(6-O-p-coumaroyl)glu-
coside, 0.17%; malvidin 3-(6-O-p-coumaroyl)glucoside, 1.86%.
Standards of Anthocyanins. Delphinidin 3-glucoside, petunidin
3-glucoside, peonidin 3-glucoside, and malvidin 3-glucoside were
purified and crystallized as chloride salts with purity 8f98%,
according to the procedure already reporte®) ( Cyanidin 3-glucoside

chloride was obtained from Polyphenols Laboratories (Sandnes,

Norway) and was certified from the producer for a purity>e®7%.
Administration of the Anthocyanin Mixture to Anesthetized Rats.

(Waters Corp.). Separation was performed using a column XTerra MS
Cis (Waters Corp.), 2.1x 150 mm, 3um, with a guard cartridge.
Samples were dissolved in 0.5 mL of a solution of methan@/fbrmic

acid (50:47.5:2.5 v/v), and aliquots (4fL) were injected into the
column (maintained at 48C). The mobile phase consisted of 5% formic
acid in O (A) and 5% formic acid in methanol (B), and the flow
rate was 0.2 mL/min. The gradient employed started at 10% B with
successive linear increases of B to 30, 40, 51.2, and 90% over 10, 7,
4, and 9 min. The column was equilibrated for 7 min prior to each

The surgical procedure for administering anthocyanins into the stomach injection. Absorption spectra were recorded fréns 230 nm tol =

of anesthetized rats was identical to that previously describ&d [t
was both compliant with the European Union law and approved by
the University of Trieste animal experimentation authority prior to the
initiation of the study. Briefly, it consisted of the dissection of the
abdominal wall of the rat, the fixing of a ligature around the cardias,
and the sliding of plastic tubing (connected to a syringe) into the
stomach through a slit in the duodenum. After extensive rinsing, the
stomach was filled with 4 mL of an acidified saline solution (10 mM
HCI/0.15 M NaCl) containing 2 mg (3,8mol) of the pure anthocyanin
mixture. After 10 min, 0.1 mL (500 IU) of sodium heparin (Clarisco,
Schwarz Pharma S.p.A., Milano, Italy) was injected into the inferior
cava vein. Immediately thereafter, the thorax was opened adch3_

600 nm, with detection at = 520 nm. The MS detector operated at a
capillary voltage of 3000 V, an extractor voltage of 6 V, a source
temperature of 108C, a desolvation temperature of 200, a cone
gas flow (N) of 30 L/h, and a desolvation gas flow §Nof 450 L/h.

The outlet of the HPLC system was split (9:1) to the ESI interface of
the mass analyzer. Electrospray mass spectra rangingnfir@200 to

700 were taken in positive mode with a dwell time of 0.1 s. At the end
of the 30 min run with mass spectra taken in the positive mode, a 1
min run in negative mode was added. The cone voltage (CV) was set
in scan mode at the values of 65 V for the identification based on the
aglycon peak and of 30 V for the identification based on both the
fragment aglycon and molecular ion. The following single iomgz)

of systemic blood were obtained by cardiac puncture. The rat was were monitored for the quantification: 287.2 (G¥/50 V) for cyanidin

euthanized by decapitation. The whole brain was quickly excised

derivatives, 301.2 (C\= 50 V) for peonidin derivatives, 303.2 (CV

(cutting or crushing was avoided as much as possible). The brain was= 50 V) for delphinidin derivatives, 317.2 (C¥ 50 V) for petunidin

carefully rinsed in ice-cold phosphate buffered (pH 7.4) saline solution
to remove traces of meningeal blood and weighed.
Preparation of Plasma Extracts.Plasma was obtained by centrifu-

derivatives, and 331.2 (C¥ 65 V) malvidin derivatives.
Each compound was identified on the basis of the following
parameters: (1) retention time, (2) absorption spectra, (3) base fragment

gation of blood samples, and anthocyanins were extracted with methanolcorresponding to the aglycon, and (4) molecular ion. Malvidin 3-(6-

as described in ref8. Extracts were stored at20 °C until sent to the
analytical laboratory for the further steps.

Preparation of Brain Extracts. The brain was directly homogenized
and extracted into 9 volumes of ice-cold methanol saturated with
nitrogen. Brain extracts were centrifuged at 3¢40r 10 min at 4°C.

O-p-coumaroyl)glucoside was identified on the basis of parameters 1
and 2.

The calibration curves for standards malvidin 3-glucoside, petunidin
3-glucoside, delphinidin 3-glucoside, peonidin 3-glucoside, and cyanidin
3-glucoside were linear in the range of 440800 nM both for MS

Supernatants were decanted in glass tubes under a stream of nitrogeand for optical absorption & = 520 nm. Samples were quantified

and screw-capped. They were stored &C4intil sent to the analytical
laboratory for the further steps, which were accomplished within 48 h.
Cleanup of Tissue Extracts.This procedure was carried out as
described in detail in ref8. It consisted of evaporating methanol from
the extracts, diluting the residue in acidified water, and extracting

both by optical absorption dt= 520 nm and by single ion monitoring

in MS, with the external standard method, with the exception of brain
malvidin 3-(6:O-p-coumaroyl)glucoside, which was quantified only by
optical absorption at = 520 nm. The values were corrected for the
appropriate recovery and expressed as equivalents of the corresponding

anthocyanins by solid-phase adsorption onto a hydrophobic matrix (Sep-3-glucoside, nanograms per millliliter for the plasma and nanograms

Pak C18, 0.35 g, Waters, Milford, MA). Anthocyanins were eluted

per gram for the brain. Further features of the method are listed in

with methanol, evaporated to dryness, and immediately redissolved in Table 1. The quantitative data reportedTiables 2—4were obtained

a mixture suitable for injection into the HPLC columns, as specified
below. Before injection, samples were filtered through a @22PVDF
filter (Millipore, Bedford, MA) into HPLC vials.

Recovery of Anthocyanins from the Brain.For determination of
anthocyanins in control rats, rats were fasted for 24 h prior to brain
removal. Whole brains were removed from rats= 5), immediately

by visible detection at = 520 nm. The MS values [obtained for all of
the anthocyanins but brain malvidin 3-@p-coumaroyl)glucoside]
were omitted, being practically identical because no matrix suppression
effect was observed.

RESULTS

after decapitation. The brain was rinsed, weighed, and homogenized Both plasma and brain extracts from 13 rats were analyzed

in 9 volumes of ice-cold methanol spiked with 2.2&) of the
anthocyanin mixture (20L of a 113 mg/L methanolic solution). Spiked
brain extracts were further prepared as described above and stored
4 °C until being analyzed by HPLC within the same day.
HPLC—Diode Array Detection—Mass Spectrometry (HPLC-
DAD-MS) Analysis. Separation and analysis of anthocyanins in both

a

for their anthocyanin contents by HPLC-DAD-MS. The modi-
fied analytical method allowed almost double the sensitivity of
bur previous methodl@) and, in particular, improved repeat-

ability for the quantification of the different compounds by

factors 2.2—6.0 for MS and 2-98.0 for optical absorption at

brain and plasma extracts were performed on a Waters 2690 HPLC = 520 nm (Table 1).

equipped with a Waters 996 diode array detector, a Micromass ZQ

In addition to the validation of the method for the analysis

ESI-MS system (Micromass, Manchester, U.K.), and Empower software of pure standards (range of linearity, LOD, LOQ, repeatability),
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Table 2. Recovery of Anthocyanins from Brain Extracts Spiked with 2.26 x«g of an Anthocyanin Mixture?

petunidin malvidin

delphinidin petunidin peonidin malvidin 3-(6-O-p- 3-(6-O-p- total
brain  delphinidin  cyanidin petunidin peonidin malvidin ~ 3-(6-O-acetyl)- 3-(6-O-acetyl)- 3-(6-O-acetyl)- 3-(6-O-acetyl)- coumaroyl)- coumaroyl)- antho-
sample 3-glucoside 3-glucoside 3-glucoside 3-glucoside 3-glucoside glucoside glucoside glucoside glucoside glucoside  glucoside  cyanins
1 22.54 21.89 23.64 25.38 28.87 17.61 25.27 24.72 30.06 27.25 23.88 26.58
2 19.78 22.92 22.70 24.86 29.58 23.42 24.55 23.71 30.18 18.01 25.10 26.52
3 27.84 24.80 25.44 28.21 36.22 28.92 30.89 34.70 40.55 28.81 38.36 32.70
4 23.07 24.94 25.37 25.08 33.35 25.62 31.40 32.85 36.44 33.49 29.95 30.03
5 17.55 23.82 18.12 25.70 29.77 21.00 25.39 29.52 34.13 21.90 32.27 26.24
mean 22.16 23.67 23.06 25.84 31.56 23.32 27.50 29.10 34.27 25.89 29.91 2841
SD 3.88 129 3.00 1.36 3.13 4.32 3.35 4.84 4.43 6.05 5.84 2.86
cv 1751 5.45 12.99 5.26 9.92 18.53 12.17 16.65 12.94 23.36 19.52 10.07

@Results are evaluated by HPLC-DAD at 520 nm and expressed in percentage. SD is the standard deviation and CV the coefficient of variation. N = 5.
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Figure 1. Chromatograms of either the plasma (panel A, visible trace at 520 nm) or the brain extract (panel B, visible trace at 520 nm, and panel C,
MS trace in SIM mode m/z 331.2) of rat 7. Compounds are numbered as in Table 3. Panel D shows the visible trace at 520 nm of the chromatogram
of the anthocyanins mixture used for the experiment. Peak 5 is out-of-scale in panels A and D.

the accuracy of the data was assured by the analysis of blankTable 3. Concentration of Anthocyanins in the Plasma of 13 Rats That
samples and by the evaluation of the recovery from samplesReceived a Solution of Grape Anthocyanins Intragastrically for 10 min®
spiked with the anthocyanins mixture.

Preliminary tests, carried out to examine the occurrence of

plasma anthocyanins (ng/mL)

anthocyanins in either plasma or brain extracts (blank samples), rat 1 2 3 4 > 6 ! ol n
have indicated that both matrices are anthocyanin-free. The 1 "g “g 268 205 1004 nd 263 1741 4
recovery of spiked anthocyanins from brain extracts (28.4 3 288 '1‘35 ggg ggg ;Zj'g ﬁg"‘* ﬁgs ggg g
3%, Table 2) was I.ow.e.r than that from whole blood [497% 4 nd nd nd  nd 20 nd 243 663 2
(18)]. The low variability between sample$able 2) enabled 5 nd nd 302 197 993 nd 262 1755 4
the use of the estimated average recovery for the correctionof 6 nd  nd nd nd 452 nd 341 793 2
quantitative data. 7 483 190 993 617 3798 242 242 6564 7
h . |ati h 8 nd nd nd nd 337 nd 222 559 2
There was a negative correlation between the amount g 4 g 97 304 1404 134 nd 1939 4
recovered and the number of free hydroxyls in the phenolic 10 nd nd nd 66 234 nd nd 300 2
structure (i.e., malvidir petunidin> delphinidin derivatives; 11 nd nd 70 63 331 nd nd 464 3
free glucosides ang-coumaric esters< acetyl esters). This 12 nd  nd 64 102 430 nd  nd 59.7 g

suggests that the strong interaction with the matrix is mediated == " " 83 112 30 nd  nd 526

?I’?let?nete?‘;ecst%r;cifog;{;Shzzi?sot\%tﬂygrrgé )IILSS :ﬁésnﬁgfégi’e for aCompounds: l,ld'elphinidin ?f-glucoside; 2 cyanidin g-glucoside; .3,.petunidin
. . 3-glucoside; 4, peonidin 3-glucoside; 5, malvidin 3-glucoside; 6, malvidin 3-(6-O-

Figure 1 shows the visible trace at 520 nm of the chromato- ocewaicoside; 7, malvidin 3-(6-0-p-coumaroyiglucoside. n is the number of
gram of a plasma sample (par®)l or a brain extract (pand) compounds detected; nd indicates not detected (below the limit of detection, see
of rat 7. PaneC shows the MS trace in SIM mode itz 331.2 Table 1).
of the same brain extract. For brain samples, the MS signal
showed a better signal-to-noise (s/n) ratio than the visible signal 30—656.4;n = 13). Malvidin 3-glucoside appeared as the most
for the detection of malvidin 3-glucoside (peak 5), whereas the abundant component of the mixture administered, with an
p-coumaric ester (peak 7) was not detected, presumably due taaverage content of 108:# 29.7 ng/mL and a range of 234
the presence of colorless coeluting compounds. The visible trace379.8 ng/mL. The latter average value corresponds to a
at 520 nm of the chromatogram of the anthocyanins mixture concentration of 0.2@M, a value that is quite similar to that
used for the experiment is reported in pabel we obtained in a previous investigation [0.2¥ (18)].

The anthocyanin content of rat plasma extracts is shown in  The anthocyanin content of rat brain extracts is shown in
Table 3. Anthocyanins were detected in the plasma of all 13 Table 4. Anthocyanins were detected in nine subjects, with an
subjects. Between two and seven components of the mixtureaverage concentration of 19242 57.5 ng/g (range, ©567.2;
were detected in all samples. The total anthocyanin concentrationn = 13). Malvidin 3-glucoside and igs-coumarate ester, which
in the plasma was 176+ 50.5 (meant SEM) ng/mL (range, amounted to 47.2 and 1.9%, respectively, of the administered
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Table 4. Concentration of Anthocyanins in the Brain of 13 Rats That sensitivity, we also detected a complex distribution pattern of
Received a Solution of Grape Anthocyanins Intragastrically for 10 min@ grape anthocyanins in the plasma.

All dietary anthocyanins are glycosylated and appear as such
in plasma after oral administratio2%). The fact that they are

brain anthocyanin (ng/g)

at 12 3 4 5 6 7 total  n found intact in the brain suggests that (a) deglycosylation does
1 nd nd nd nd nd nd nd nd 0 not take place at the blood—brain interface and that (b) similar
2 nd nd nd nd nd nd nd nd 0 molecular mechanisms, specifically interacting with glycosylated
3 nd nd nd nd 253.5 nd nd 253.5 1 th H df |t t th H t " | t t H ht
2 nd nd nd nd o nd 3034 3034 1 anthocyanins and facilitating their transcellular transport, mig

5 nd nd nd nd 2297 nd 3375 5672 2 be involved in their passage from the gastric cavity into the

6 nd nd nd nd nd nd 3566 3566 1 blood and from the blood into the brain. It cannot, however, be
7 ng ng ng ng 193.0 ng 3228 5208 2 ruled out from the present study that the aglycons or other
8 n n n n n n 3134 3134 1 ; ; ;

o o nd nd nd 190 nd " 0o 1 metabolites can attain the_braln. .

10 nd nd nd nd 174 nd  nd 174 1 Our method for extracting plasma anthocyanins recovers
11 nd nd nd nd nd nd nd nd 0 89.51% of cyanidin 3-glucoside spiked in rat plasma, with a

12 nd nd nd nd nd nd nd nd 0 coefficient of variation of 4.76% (18). Thus, the wide range of

13 nd 113 347 368 650 nd nd 1477 4

anthocyanin concentration observed in the plasma of individual
rats following intragastric administration of anthocyanin mix-
tures [also noted in humans (123, 24)] appears to reflect true

. . interindividual differences of anthocyanin absorption and me-
dose, were the compounds most frequently found in both tissues tapolism rather than methodological artifacts.

The concentration of malvidin 3-glucoside appeared to be higher
in the plasma (average level, 108:729.7 ng/mL; range, 234
379.8 ng/mL) than in the brain (average level, 6&.27.0 ng/
g; range, 6-235.5 ng/g), although the difference was not
significant (ttest,P = 0.22). In contrast, the concentration of
malvidin 3-(6O-p-coumaroyl)glucoside was significantly higher
in the brain (125.7+ 46 ng/g; range, 0—356.6 ng/g) than in
the plasma (13.% 3.8 ng/mL; range, ©34.1 ng/mL) { test,P
= 0.02).

In individual rats, no correlation was found between the
anthocyanin concentrations in the plasma and in the brain.

@ Compounds are numbered as in Table 3.

Anthocyanin concentration in plasma results from a balance
between absorption and removal rates. Both parameters are
complex, because absorption can depend on gastrointestinal
motility, blood flow, and the activity of membrane carriers. The
removal rate of anthocyanins from the plasma depends on their
uptake and metabolism in peripheral tissues, including excretion
into bile and/or urine, and on the conversion of the intact,
chromophoric flavonoid skeleton into a colorless species, due
to spontaneous hydration of the C ring, followed by its
conversion to a chalcone. Considering that the latter event is
known to occur rapidly at pH 26 (11), it was surprising to
detect some anthocyanin in plasma after the process of diffusion
DISCUSSION through the gastrointestinal barrier. The compounds detected

The concentration of extractable anthocyanins in red grape Under our conditions were exclusively of the unmodified form,
has been estimated to vary in the range of-38230 mg/kg which is converted into the flavylium form upon acidification.
according to the variety, the lowest average value being found The occurrence of anthocyanins in plasma could be related to
in the Primitivo and the highest in the Teroldego varie{)( their binding to proteins, which ensures their chemical stability.
An amount of 2 mg of anthocyanins could therefore have been Thus, the variable levels of plasma anthocyanins observed
introduced by consuming 1.09—5.24 g of grape, according to @mong individuals may reflect their different contents of
the variety. For the Cabernet Sauvignon grape, which with an €ndogenous and exogenous competitors for the protein-binding
average concentration of extractable anthocyanins of 871 mg/Siteés. The rate of anthocyanin breakdown in plasma is also
kg is close to the mean of the 25 varieties considered in the influenced by a multitude of active redox compounas, €6).
cited survey, the amount used for the experiment correspondsTheé mean concentration of anthocyanins found in plasma,
to the consumption 0f2.3 g of grape for each rat. although low, seems to be adequate fo_r deploying an antioxidant

Translated on a human scale, it is a relatively high amount, effect (15,27) that could be boosted in the presence of other
corresponding to 597 g of Cabernet Sauvignon grape (or 284 gflavonoids, such as catechin (28).
of Teroldego grape) for a person of 65 kg. The anthocyanins The rapid gastric absorption of anthocyanins implies that their
used in our experiments were also more readily available asappearance in plasma should normally precede that of other meal
they were given as an acidified saline solution and not in the constituents, the absorption of which occurs downstream in the
whole fruit. This choice allowed us to verify the time required intestine. The early rise in anthocyanin plasma concentration
for the absorption in plasma and translocation in the brain, not that we observed and that is well documented in t2sghould
taking into account the time required for the extraction from induce an early increase in the plasmatic antioxidant capacity
the fruit. In conclusion, the amount of anthocyanins administered (15), protecting the liver and other peripheral tissues from
in the present trials to each animal corresponds to a concentrafostprandial oxidative stress (29).
tion attainable with a relatively large dosing of red grape. It However, the real novelty of this work is the detection of
differs in the time of contact from what can be expected in the significant amounts of anthocyanins in the brain after a very
case of daily consumption of food, whereas it could be closer short exposure of the stomach to an anthocyanin mixture. The
both for the amount given (8 mg/kg of body weight) and for average amounts of malvidin 3-glucoside and opittoumarate
the time of contact to the consumption of dietary supplements. ester found in the brain were similar or nearly 10-fold higher,

In previous investigations we observetB] the rapid ap- respectively, than in the plasma. The rapid occurrence of
pearance of malvidin 3-glucoside in the plasma of anesthetizedanthocyanins in the brain prompted us not to adopt a perfusion
rats only 6 min after the introduction into the stomach of the step for the wash-out of brain blood, during which the brain
anthocyanin mixture. In the present work we obtained similar would have suffered from anoxia, with unpredictable effects
results, and by adopting a HPLC-MS method with improved on the fate of these labile compounds.
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The detection of anthocyanins in the brain was unexpected LITERATURE CITED
because this organ is thought to be impermeable 98% of
small, polar molecules occurring in the blood (30), due to the
presence of the bloeebrain barrier. Although a moderate
penetration of anthocyanins in the brain was observed in an in
vitro model of the blooe-brain barrier, this occurred slowly,
requiring hours rather than minutexlj. A possible explanation

(1) Truelsen, T.; Thudium, D.; Gronbaek, M. Amount and type of
alcohol and risk of dementia: the Copenhagen City Heart Study.
Neurology2002,59, 1313-1319.

(2) Panza, F.; Solfrizzi, V.; Colacicco, A. M.; D’Introno, A
Capurso, C.; Torres, F.; Del Parigi, A.; Capurso, S.; Capurso,
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for our data could be that anthocyanin diffusion from the blood 2004,7, 959—963.

vessels into the brain occurred as a result of the disruption of (3) Orgogozo, J. M.; Dartigues, J. F.: Lafont, S.; Letenneur, L.;
the blood—brain barrier induced by the anesthesia and the Commenges, D.; Salamon, R.; Renaud, S.; Breteler, M. B. Wine
surgical manipulation of the animal. However, there is ample consumption and dementia in the elderly: a prospective com-
evidence that anesthesia per se does not disrupt the -blood munity study in the Bordeaux areBev. Neurol. (Paris)L997,
brain barrier (32), unless other treatments are added to anes- 153, 185—-192.

thesia, such as infusions of osmotic solutioB8)(or hypoth- (4) Lindsay, J.; Laurin, D.; Verreault, R.; Hebert, R.; Helliwell, B.;
ermic (34) or hyperthermic saline solutior&5] or changes in Hill, G. B.; McDowell, I. Risk factors for Alzheimer’s disease:
cerebrospinal fluid pH (36), just to list a few of them. a prospective analysis from the Canadian Study of Health and
Furthermore, it should be remembered that anthocyanins have ~_ Aging. Am. J. Epidemiol2002,156, 445—453.

rather been shown to protect the bledstain barrier against (5) Commenges, D.; Scotet, V.; Renaud, S.; Jacqmin-Gadda, H.;

Barberger-Gateau, P.; Dartigues, J. F. Intake of flavonoids and
risk of dementiaEur. J. Epidemiol2000,16, 357—363.
(6) Prior, R. L. Fruits and vegetables in the prevention of cellular

permeabilization (3738).
A very recent paper, appearing during the evaluation process

of the present paper39), reported the detection of various oxidative damageAm. J. Clin. Nutr.2003,78, 570S—578S.
cyanidin glycosides in the brain and some other tissues of the 7y Barnham, K. J.: Masters, C. L.; Bush, A. I. Neurodegenerative
rat fed a diet including a blackberry extract. Whereas the data diseases and oxidative stredtat. Rev. Drug Discov2004, 3,
reported by Talavera point to the presence of these pigments in 205—214.

the time window between meals, and thus represent a steady- (8) Williams, R. J.; Spencer, J. P.; Rice-Evans, C. Flavonoids:
state nutritional condition, our data point to the quite rapid access antioxidants or signalling molecule§?ee Radical Biol. Med.

of some anthocyanins into the brain, which takes place within 2004, 36, 838—849.

a few minutes of their administration into the stomach. We  (9) Youdim, K. A.; Shukitt-Hale, B.; Joseph, J. A. Flavonoids and
registered an anthocyanin content in the brain 3 orders of the brain: interactions at the bloethrain barrier and their
magnitude higher than that found by Talavera, which can be physiological effects on the central nervous systéree Radical

Biol. Med.2004,37, 1683—1693.
m (10) Luchsinger, J.; Mayeux, R. Dietary factors and Alzheimer’'s
diseaselLancet Neurol2004,3, 579—587.
(11) Mazza, G.; Miniati, EAnthocyanins in Fruits, Vegetables and
Grains; CRC Press: Boca Raton, FL, 1993; p 379.
Ichiyanagi, T.; Rahman, M. M.; Kashiwada, Y.; Ikeshiro, Y.;
Shida, Y.; Hatano, Y.; Matsumoto, H.; Hirayama, M.; Tsuda,

justified in light of the different timing of the experiments. Taken
together, the data obtained by Talavera and ourselves confir
the capacity of dietary anthocyanins from grape and berries to
reach the brain and suggest that the presence of these flavonoids
in the brain might take the aspect of large oscillations, depending (12)
on the incidence of these polyphenols in meals and on the time

frame of the measurement. T.; Konishi, T. Absorption and metabolism of delphinidirCs-

The site of anthocyanin accumulation in the brain is not B-p-glucopyranoside in rat§ree Radical Biol. Med2004,36,
known. One possibility could be the choroidal epithelium, the 930-937.
tissue that controls exchanges between the cerebrospinal fluid (13) McGhie, T. K.; Ainge, G. D.; Barnett, L. E.; Cooney, J. M.;
and the blood compartment and where several membrane Jensen, D. J. Anthocyanin glycosides from berry fruit are
transporters and drug-metabolizing enzymes are expre46ed ( absorbed and excreted unmetabolized by both humans and rats.

J. Agric. Food Chem2003,51, 4539—4548.

(14) Wu, X.; Cao, G.; Prior, R. L. Absorption and metabolism of
anthocyanins in elderly women after consumption of elderberry
or blueberryJ. Nutr.2002,132, 1865—1871.

Irrespective of the route of access, the regular exposure of
the brain to anthocyanins by a moderate intake of red fruits or
wine might protect neurons, as also observed in 413, (by

combining s_cavenging of reactive PXyge“ spe(?i?.%) (with . (15) Mazza, G.; Kay, C. D.; Caottrell, T.; Holub, B. J. Absorption of
metal chelation42). Both of these actions have gained attention anthocyanins from blueberries and serum antioxidant status in
as possible therapeutic strategies against neurodegeneda)ion ( human subjects]. Agric. Food Chem2002,50, 7731—7737.
Moreover, anthocyanins could have a direct action in cell (16) Bub, A.; Watzl, B.; Heeb, D.; Rechkemmer, G.; Briviba, K.
signaling, affecting apoptosis (44), cell connections, and cell Malvidin-3-glucoside bioavailability in humans after ingestion
plasticity ©). This would imply specific binding of selected of red wine, dealcoholized red wine and red grape juine. J.
flavonoids by receptors and enzymes involved in cell signaling Nutr. 2001,40, 113—-120.

(8). The presence of a larger pool of flavonoid-binding sites in  (17) Tsuda, T.; Horio, F.; Osawa, T. Absorption and metabolism of
the brain relative to the plasma could explain our finding of cyanidin 30-$-p-glucoside in ratsFEBS Lett 1999 449, 179
some of these pigments in the brain at equilibrium. 182.

(18) Passamonti, S.; Vrhovsek, U.; Vanzo, A.; Mattivi, F. The stomach
as a site for anthocyanins absorption from fdeEBS Lett2003

ACKNOWLEDGMENT 544, 210—213.

. ) ) (19) Passamonti, S.; Vrhovsek, U.; Mattivi, F. The interaction of
Thanks are due to C. Bacchin, N. Medic, M. Terdoslavich, and anthocyanins with bilitranslocasBiochem. Biophys. Res. Com-
A. Cocolo for their assistance in the rat surgery and preparation mun.2002,296, 631—636.
of tissue extracts and to Prof. G. L. Sottocasa for reading the (20) Charlton, A. J.; Baxter, N. J.; Khan, M. L.; Moir, A. J.; Haslam,
manuscript. Thanks are also due to Dr. R. Viola for useful E.; Davies, A. P.; Williamson, M. P. Polyphenol/peptide binding

suggestions for corrections and improvements to the text. and precipitationJ. Agric. Food Chem2002,50, 1593—1601.



7034 J. Agric. Food Chem., Vol. 53, No. 18, 2005

(21) Mattivi, F.; Zulian, C.; Nicolini, G.; Valenti, L. Wine, biodi-
versity, technology, and antioxidanfsnn. N. Y. Acad. Sc2002,
957, 37-56.

(22) Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy,
C. Bioavailability and bioefficacy of polyphenols in humans. I.
Review of 97 bioavailability studiesAm. J. Clin. Nutr.2005,

81, 230S—242S.

(23) Cao, G.; Muccitelli, H. U.; Sanchez-Moreno, C.; Prior, R. L.
Anthocyanins are absorbed in glycated forms in elderly
women: a pharmacokinetic studgm. J. Clin. Nutr 2001,73,
920—926.

(24) Milbury, P. E.; Cao, G.; Prior, R. L.; Blumberg, J. Bioavailablility
of elderberry anthocyaninMech. Aging De. 2002,123, 997—
1006.

(25) Serafini, M.; Del Rio, D. Understanding the association between
dietary antioxidants, redox status and disease: is the Total
Antioxidant Capacity the right toolRedox Rep2004,9, 145—
152.

(26) Yeum, K. J.; Russell, R. M.; Krinsky, N. I.; Aldini, G.
Biomarkers of antioxidant capacity in the hydrophilic and
lipophilic compartments of human plasmArch. Biochem.
Biophys.2004,430, 97-103.

(27) Kahkonen, M. P.; Heinonen, M. Antioxidant activity of antho-
cyanins and their aglycond. Agric. Food Chen2003,51, 628—
633.

(28) Rossetto, M.; Vanzani, P.; Mattivi, F.; Lunelli, M.; Scarpa, M.;
Rigo, A. Synergistic antioxidant effect of catechin and malvidin
3-glucoside on free radical-initiated peroxidation of linoleic acid
in micelles.Arch. Biochem. Biophy2002,408, 239—245.

(29) Ursini, F.; Sevanian, A. Postprandial oxidative stregsl. Chem
2002,383, 599—-605.

(30) Pardridge, W. M. Bloogbrain barrier drug targeting: the future
of brain drug developmenMol. Interventions2003 3, 90—
105.

(31) Youdim, K. A.; Dobbie, M. S.; Kuhnle, G.; Proteggente, A. R.;
Abbott, N. J.; Rice-Evans, C. Interaction between flavonoids and
the blood—brain barrier: in vitro studied. Neurochem2003,

85, 180—192.

(32) Easton, A. S.; Sarker, M. H.; Fraser, P. A. Two components of
blood—brain barrier disruption in the ral. Physiol.1997,503
(Part 3), 613—623.

Passamonti et al.

(34) Oztas, B.; Kucuk, M. Intracarotid hypothermic saline infusion:
a new method for reversible bloetbrain barrier disruption in
anesthetized rat®Neurosci. Lett1995,190, 203—206.

(35) Oztas, B.; Kucuk, M. Reversible bloethrain barrier dysfunction
after intracarotid hyperthermic saline infusiamt. J. Hyper-
thermia1998,14, 395—401.

(36) Wolff, C. B.; Sarker, M. H.; Fraser, P. A. Cerebral microvascular
permeability and CSF pH in anaesthetized r&sp. Physiol.
1995,80, 1053—1055.

(37) Robert, A. M.; Godeau, G.; Moati, F.; Miskulin, M. Action of
anthocyanosides dfaccinium myrtillison the permeability of
the blood—brain barrielJ. Med.1977,8, 321—332.

(38) Robert, A. M.; Tixier, J. M.; Robert, L.; Legeais, J. M.; Renard,
G. Effect of procyanidolic oligomers on the permeability of the
blood—brain barrierPathol. Biol. (Paris)2001,49, 298—304.

(39) Talavera, S.; Felgines, C.; Texier, O.; Besson, C.; Gil-lzquierdo,
A.; Lamaison, J. L.; Remesy, C. Anthocyanin metabolism in rats
and their distribution to digestive area, kidney, and brdin.
Agric. Food Chem?2005,53, 3902—3908.

(40) Strazielle, N.; Khuth, S. T.; Ghersi-Egea, J. F. Detoxification
systems, passive and specific transport for drugs at the blood
CSF barrier in normal and pathological situatioAsly. Drug
Deliv. Rev. 2004,56, 1717—1740.

(41) Sun, G. Y.; Xia, J.; Draczynska-Lusiak, B.; Simonyi, A.; Sun,
A. Y. Grape polyphenols protect neurodegenerative changes
induced by chronic ethanol administratiddeuroreport1999,

10, 93-96.

(42) Kostyuk, V. A.; Potapovich, A. |.; Strigunova, E. N.; Kostyuk,
T. V.; Afanas’ev, |. B. Experimental evidence that flavonoid
metal complexes may act as mimics of superoxide dismutase.
Arch. Biochem. Biophy®004,428, 204—208.

(43) Doraiswamy, P. M.; Finefrock, A. E. Metals in our minds:
therapeutic implications for neurodegenerative disordenscet
Neurol. 2004,3, 431—-434.

(44) Schroeter, H.; Boyd, C.; Spencer, J. P.; Williams, R. J.; Cadenas,
E.; Rice-Evans, C. MAPK signaling in neurodegeneration:
influences of flavonoids and of nitric oxid&leurobiol. Aging
2002,23, 861—880.

(33) Wennberg, R. P.; Johansson, B. B.; Folbergrova, J.; Siesjo, B. Received for review March 14, 2005. Revised manuscript received June

K. Bilirubin-induced changes in brain energy metabolism after
osmotic opening of the bloeebrain barrier Pediatr. Res1991,
30, 473—-478.

28, 2005. Accepted July 7, 2005.
JF050565K



