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Enhanced Absorption of Anthocyanins after Oral Administration
of Phytic Acid in Rats and Humans
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Many studies on the bioavailability of polyphenols have been reported. However, the relative urinary
excretions of AC are also low, ranging from 0.004% to 0.1%. By contrast, other polyphenols show
higher urinary excretion levels. Here, we studied the enhancing effects of phytic acid (IPg) on absorption
of blackcurrant anthocyanins (BCAs) in rats and humans. In rats after oral administration of BCAs
(as 241 mg of AC/kg body weight) in IPg (0%, 0.25%, 0.5%, 1%, 2.5%) solution, the ACs recovery
in urine was increased dependent on IPg dose. These results suggest that the IPs enhances
gastrointestinal absorption of ACs. At the further analysis of IPs enhancement effect in rat, whereas
BCAs were normally passed through the stomach and duodenum within 2 h, in IPg group, after 2—6
h post-administration, stomach and jejunum content’s weights were specifically heavy, and large
amounts of ACs were also detected in stomach, duodenum, and jejunum. These results suggested
that the mixture of BCAs and IP¢ reduced the gastrointestinal motility. Prolongation of ACs residue
in gastrointestinal tract then caused the enhancing effects of IPs on absorption of AC. In the human
study, each subject was orally administrated a BCA beverage containing BCA concentrate (AC 4
mg/kg body weight), 1% of IPs, and 1% of sodium citrate as a pH stabilizer. Both the plasma level
and the urinary excretion of AC were increased as compared to BCA administration without IPs. AC
intake with IPg may increase the bioavailability of AC to the comparative level as other polyphenols.
Yet, phytic acid, being a strong chelator of important minerals, contributes to mineral deficiencies.
An interference with iron uptake has been reported. Safety tests are therefore necessary before high
dose IPg can be used in foods.
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INTRODUCTION (D3G), cyanidin-3-rutinoside (C3R), and cyanidin-3-glucoside
(C3G). The molecular structures of these compounds are
summarized irfFigure 1A. In previous studies, we demonstrated
that oral intake of BCAs has several beneficial effects, including
Santioxidant effects3), improved vision 4), and improved blood

The anthocyanins (ACs) are a group of naturally occurring
phenolic compounds responsible for the color of many flowers,
fruits (particularly berries), and vegetables. Dietary ACs have

attracted considerable interest because of their health benefits”. X !
that include a reduction in the risk of coronary heart disease circulation (5). As a primary component of BCAs, D3R also
and prevention of several chronic diseasts Blackcurrant has unique physiological effects tha_tlnclude rel_axatlon of ciliary
(Ribes nigrumL.) berries and juice are rich in ACs and are smooth muscles (6) and reduction of peripheral vascular
consumed throughout the world. We reported previously on the resistance (7).
development of a powdered concentrate of blackcurrant ACs Many researchers have investigated the kinetics and extent
(BCAs) from a commercial sourc®), BCAs consist of four of polyphenol absorption by measuring plasma concentrations
ACs: delphinidin-3-rutinoside (D3R), delphinidin-3-glucoside and/or urinary excretion in adults after the ingestion of a single
dose of a polyphenol8). These studies showed ACs are very

* Author to whom correspondence should be addressed [teleph8he rapidly absorbed and eliminated, but that they are relatively
49%'3'4'.7591.3kfa*£8.1ﬁ92'L8§'7598: e-mail hitoshi_matsumoto@meiji.co.jp].  poorly absorbed as compared to other polyphenols such as daizin

 Ciba Unversy (42.3%), catechin (18.5%), and hesperidin (8.6%). (t is
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(B) cancer in populations consuming a vegetarian-type diet, although
the mechanism of this action remains unclear. Furthermore,
lower inositol phosphates, such as Bhd IR, may play roles
in mediating cellular responses and have been observed to have
a function in secondary-messenger transduction systems. Under
Japanese food sanitation laws, there are no limitations on the
use of IR as an acidulant. As it is well-known that ACs are
stable in aqueous solutions with a high pHg I used as an
effective stabilizer due to its acidity (15).

In the present study, we studied the enhancing effectsgof IP
on the absorption of AC from a BCA concentrate in rats and
humans and examined the mechanism of this effect.

Figure 1. (A) Structure of the four anthocyanins in blackcurrants.

Delphinidin-3-rutinoside (D3R; X = OH, Y = glucose-rhamnose), MATERIALS AND METHODS
delphinidin-3-glucoside (D3G; X = OH, Y = glucose), cyanidin-3-rutinoside )
(C3R; X = H, Y = glucose-thamnose), and cyanidin-3-glucoside (C3G: Chemicals. HPLC standards of D3R, D3G, C3R, and C3G were

obtained as flavylium chloride salts prepared by recrystallization as
described previously2). BCA concentrate was prepared from com-

T ... mercial blackcurrant juice by the methods described in this earlier report
recent study, we calculated the pharmacokinetic bioavailability (2). The concentrate had an AC content of 24.1% and consisted of

of eithe_r orally or intravenously a_dministered ACS_ in rats by p3r (10.92%), C3R (8.99%), D3G (3.08%), and C3G (1.11%). The
measuring the plasma concentration of D3R Relative to an  pyrity was confirmed by HPLC UMvis spectrometry. Elderberry
intravenous injection, oral administration of D3R resulted in (Sambucus nigra) AC concentrate powder was purchased from Iprona
real bioavailability (0.49+ 0.06%). We detected only small  A. G. (Lana, Italy) and had an AC content of approximately 20.4%,
amounts of the metabolité-®-methyl-D3R in the plasma and  measured by 520 nm UV—vis spectrometry using C3G as a tentative
were unable to detect either anthocyanidin (aglycone) or standard. Bilberry (Vaccinium myrtillus) AC concentrate powder was
glucuro- or sulfoconjugates in these samp®@s Although C3G also purchased from Tokiwa Phytochemicals Co. Ltd. (Chiba, Japan).
(10) and pelargonidin-8-B-glucoside {1) have been reported The AC content pf this powder was approximately 28.4'%, measured
to form glucuronyl and sulfate conjugates or a methylated form by 530 nm UV-vis spectrometry using C3G as a tentative standard.
after oral administration, we have demonstrated previously in ﬁosocijﬁ’lﬁgt:'tﬁglogf (fol_?g a((\j/ij/glg gﬁge) ngazr’?)u rﬂ}fiﬁﬁ Jiomjtt;unqg
humans and rats that D3R and C3R are absorbed in the I yame, ~apen. .

! A as “"*reagents, and chemicals used in the study were purchased from
gastrointestinal tract and are detected mainly in blood and urine commercial sources.

as unmetabolized (intact) forms2). In human studies, plasma Rat Dose-Dependency StudyThirty-six male Wistar rats, aged 7

concentrations of ACs are reported to be very low<%0 nmol/ weeks and 146160 g body weight, were obtained from Clea Japan

L), with relative urinary excretion also being low at ap- Co., Ltd. (Tokyo, Japan). The rats were housed individually in stainless-

proximately 0.1% of intakel2). These results suggest that ACs steel wire-mesh cages at 231 °C with a 12-h light-dark cycle. The

are absorbed with poor efficiency as compared to other animals were given free access to tap water and commercial diet (MF,

polyphenols. Oriental Yeast Co. Ltd., Tokyo, Japan). All of the rats were handled
However, in a recent study on rats, we observed that bile in accordance with the Nll&uide for the Care and Use of Laboratory

L g P . Animals(16). After the feeding period, food was withheld for 16 h. A
duct cannulation in a Bollman-type cage significantly increased 1 g amount of BCA concentrate was dissolved in 20 mL of water

the bioavailability of orally administered D3RO). The bio- ., niaining either 1P(0%, 0.25%, 0.5%, 1.0%, 2.5%) or 5% citric acid.
availability of D3R was increased 18.14 6.24%, indicating  The rats were assigned randomly to six groups, and the BCA
that abSOI’ptlon was appI’OXImate|y 40 times greater than that n concentrates (l g/kg body We|ght’ AC 241 mg/kg body We|ght) were
free moving animals without cannulation. We hypothesized that then administered orally to the animals in each designated group by
this effect may act by minimizing immobilization stress and direct stomach intubation. Urine samples were collected,04—8,
reducing gastrointestinal motility. These results indicate that to and 8—24 h after BCA administration.
increase the bioavailability of AC, it is necessary to prevent ~ Comparative Study of IPs and Phytin in Rats. Fifteen male Wistar
motility of gastrointestinal motility without having other adverse  rats, aged 9 weeks and 230—250 g body weight, were obtained from
effects on function. Harada reported that the combination of Cle@ Japan Co., Ltd. (Tokyo, Japan), and reared under conditions
acylated AC prepared from the purple sweet potato tuber andld_entlcal to those described above. After the feeding period, fc_Jod was
citric acid slightly enhanced the absorption of ACs (unpublished withheld for 16 h. A 415 mg amount of BCA concentrate (equivalent
- - L . . to 100 mg of AC) was dissolved in 20 mL of water, containing 1.0%

data). While l_OOk'ng for the c_omb|_nat|_o_n of food ingredients IPs solution or 1.336% phytin solution (Ca salt ofsJRat the same
and AC that increased the bioavailability of AC, we found a concentration as the 1.0% dRsolution). The rats were assigned
mixture of AC and phytic acid was effective. randomly to three groups, followed by the oral administration of BCA

Phytic acid (myo-inositol hexaphosphate;)IB considered concentrates (415 mg/kg body weight equivalent to 100 mg of AC/kg
historically to be an antinutrient. Structurally,glPontains six body weight) to the rats in each designated group by direct stomach
phosphates, as shownfigure 1B, and has a strong chelating  intubation. A 24-h urine sample was collected from each rat following
action, binding minerals such as calcium, iron, and zinc and administration.
causing a decrease in their bioavailability in human and animal rat?n:gescllsgf\/\llzee E:gigcigoEﬁfgg'g I?)itds)./-r\\llvveeigtl’)]/t_f?l\tgr??:st\:{;]sézrfrom
models. However, a recent study reported that phytic acid has 2 B ' o
a wide range of beneficial effects including antioxidant, anti- ((j:lea Japan Co., Ltd. (Tokyo, Japan), and reared under the conditions

. ; . S . escribed above. After the feeding period, food was withheld for 16 h.

carcinogenic, hypoglycemic, and hypolipidemic properties. (

; . o e BCA concentrate (415 mg equivalent to 100 mg of AC) was dissolved
IPs is considered to be an antioxidant agent as it is a potent, >o mL of water or 2.5% I solution. The rats were assigned

inhibitor of iron-catalyzed hydroxyl radical formation by  randomly to two groups, and AC concentrate (AC 100 mg/kg body
chelating free iron and then blocking its coordination sité)( weight) was administered orally to the animals in each designated group
Epidemiological studies have shown a lower incidence of colon by direct stomach intubation. Before and after 2, 4, and 6 h post-

X = H, Y = glucose). (B) Structure of phytic acid (IPg).
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administration, three rats in each of the groups were killed under diethyl
ether anesthesia by withdrawing blood from the inferior vena cava using

a heparinized needle and syringe. Blood and the contents of the stomach,

duodenum, jejunum, and ileum were collected from each rat.
Confirmation of IP ¢ Enhancing Effect with Other Berry ACs in
Rats. Twenty male Wistar rats, 9 weeks of age and 23280 g body
weight, were obtained from Clea Japan Co., Ltd. (Tokyo, Japan), and
reared under the conditions described above. After the feeding period,
food was withheld for 16 h. A 490 mg aliquot of elderberry AC
concentrate powder (AC 20.4%) or 352 mg of bilberry AC concentrate
powder (AC 28.4%) was dissolved in 20 mL of water or 1.0% IP
solution. The rats were assigned randomly to four groups, and AC
concentrate (AC 100 mg/kg body weight) was administered orally to
the animals in each designated group by direct stomach intubation. A
24 h urine sample was collected from each rat following administration.
Human Study. Six healthy male subjects (73 16.9 kg body
weight, 38.2+ 3.4 years of age) were enrolled in this randomized,
crossover study. The study was performed according to the Helsinki
Declaration and was approved by the local Ethical Committee. The
day before the experiment, the subjects did not consume any type of
food rich in anthocyanins, such as vegetables, fruit, or juice. They also
did not ingest any food or beverages with the exception of water in
the 12-h period prior to the experiment. The BCA-lfieverage was
prepared by dissolving 4.15 g/L BCA concentrate in 1%dRd 1%
sodium citrate solution. Sodium citrate was used as a pH-adjusting agen
(pH 3.17) to make the solution easier to drink. On the day of the
experiment, the subjects drank either the BCA-lieverage that
contained 16.6 mg of BCA concentrate/kg body weight (equivalent to
4 mg of AC/kg body weight) or a control beverage containing only
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Figure 2. The time-course of changes in recovery rate (%) in urine of
BCAs in rats after oral administration of a single dose of BCAs with a
range of doses of IPg solution (0%, 0.25%, 0.5%, 1%, 2.5%) and 5%
citric acid solution. Values are expressed as the mean + SE for six rats.

facilitate this extraction. The resulting suspension was then sonicated
for 3 min, followed by centrifugation at 4000 rpm (3@f)Cfor 10 min
at 4°C. The supernatants were collected and evaporated in vacuo below

35 °C, with the resultant residue being redissolved in a small volume

of acidified water and then applied to a Sep-Palk @lus cartridge

(Waters, Milford, MA). The cartridges were washed with 10 mL of
methanol containing 5% TFA and equilibrated with 10 mL of 10
mmol/L oxalic acid prior to use. After being washed with 10 mmol/L

the BCA concentrate at the same concentration as the test beverag@xalic acid, the ACs were eluted with methanol containing 5% TFA,

(i.e., 4 mg of AC/kg body weight). Blood samples (10 mL) were
collected at baseline and 1, 2, 4, 6, and 8 h after administration. During
the experiment, the subjects drank 200 mL of water every 2 h until 8
h after administration, with urine samples being collected prior to
administration, and then at 2-hourly intervals-@ 2—4, 4—6, 6—38)
until 8 h, and then between 8 and 24 h. Three hours after administration
of the BCA-IR; or control beverage, the subjects were served an
anthocyanin-free lunch, consisting of only a rice ball (225 g) with salt.
Nine hours after administration of beverage, the subjects were served
an anthocyanin-free supper, consisting of 10 pieces of sushi. Each
experiment was separated by a wash-out period of 6-days duration.
Sample Preparation. Plasma samples were prepared by a slight
modification of the method of Tsuda et all7%). The plasma was
obtained immediately from the collected blood by centrifugation at
1600gfor 15 min at 4°C. Separation of the plasma was completed
within 30 min and then acidified with a 1/40 volume of 6 N HCI. Four
milliliter aliquots of human plasma or 1 mL aliquots of rat plasma
were applied to Sep-Pak§xcartridges (Waters, Milford, MA), which
had been washed with 10 mL of methanol containing 5% TFA and
equilibrated with 10 mL of 10 mmol/L oxalic acid prior to use. After
being washed with 10 mmol/L oxalic acid, the ACs were eluted with

methanol containing 5% TFA, and the eluate then evaporated carefully f

to dryness in vacuo below 3. The dried residue was redissolved in
200 uL of 3% phosphoric acid, and a 1@Q aliquot of this solution
was injected into an HPLC system for AC analysis. This method was
validated as described in our recent repd2)( Urine samples were
acidified with a 1/40 volume of 6 N HCI and 10 mL aliquots applied
to Sep-Pak plus ENV cartridges, conditioned before use in the same
manner as that described for the plasma samples. After the cartridge,
was washed with 10 mmol/L oxalic acid (10 mL), the adsorbed ACs
were eluted with methanol (5.0 mL) containing 5% TFA. The eluate
was evaporated in vacuo below 36, and the resulting residue was
redissolved in 3% phosphoric acid (200). A 100 L aliquot of this

solution was then subjected to HPLC analysis. The method used toY

measure the AC amount of the organ content samples was a slight
modification of the method of He et all8). Briefly, four solvents

and the eluate was then evaporated carefully to dryness in vacuo below
35°C. The dried residue was redissolved in 2000f 3% phosphoric

acid, and a 10@L aliquot of this solution was injected into an HPLC
system for AC analysis.

Analysis of Anthocyanins.The identification and quantification of
the four anthocyanins were performed using a HP 1100 Series HPLC
system equipped with a Zorbax SB C-18 column (4.6 mr@50 mm,
particle size 5 mm) and a photodiode array detector at 52018 (
Injection was performed by means of an autosampler, with ax100
fixed loop. Elution was performed using a solvent system consisting
of a mixture of solvent A (0.5% phosphoric acid) and solvent B
(methanol), applied as a linear gradient from 80% A/20% B (v/v) to
77% AI23% B (v/v) for 15 min, then held at 77% A/23% B (v/v) for
a further 8 min at a flow rate of 1.0 mL/min. The eluted constituents
were identified by measuring the photodiode array-tINs spectra
from 200 to 600 nm.

The areas of the peaks of D3R, C3R, D3G, and C3G were
proportional to the amounts injected within the range-@Q0 ng. The
standard curves were linear over this concentration range, and the
detection limit was 0.1 ng in each instance. Standard curves for the
our purified ACs were prepared, and the amount and content of the
four ACs in each sample were calculated using the respective standard
curve. The amount of BCAs was given as the sum of the amount of
D3R + C3R + D3G + C3G. Only the approximate quantities of
elderberry and bilberry ACs were determined, as we could not obtain
highly purified standard products of their ACs to prepare standard curves
and evaluate the detection limits. The approximate AC content of
elderberry and bilberry was calculated as the sum of the content of all
of the ACs measured by 520 nm UWis spectrometry, calculated using
C3G as the approximate standard.

Statistical Analysis. Statistical analyses were carried out using SPSS
ersion 10.02 for Windows with the data expressed as reSrE.M.
For statistical evaluation, the time-course of changes in recovery rate
(%) in urine of BCAs in rats Figure 2) was analyzed by one-way

(methanol, acetone, methanol water mixture (60:40; v/v), and double ANOVA with the Dunnet post hoc test. Weight and AC content in

distilled water, all acidified with 1% TFA) were studied to determine €
their extraction efficiency. Samples of each organ content equivalent 0

ach organ were analyzed using Studentést after the confirmation
f variance byF-test (Tables 1land?2). Other data for the human study

to 10 times the weight of the extracting solvent were processed. A were analyzed using the pairetest after the confirmation of variance

Polytron homogenizer (Kinematica AG, Switzerland) was used to

by F-test (Tables 3and4).
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Table 1. Weight of Organ Contents?

stomach (g) duodenum (mg) jejunum (mg) ileum (mg)
h 2.5% IPg 0% IPs 2.5% IPg 0% IPs 2.5% IPg 0% IPg 2.5% IPs 0% IPg
0 0.36 +0.10 0.36 +0.10 165.9 £ 15.7 165.9 £ 15.7 712.6 +91.7 7126 £91.7 1194.2 + 105.8 1194.2 +105.8
2 5.98 +0.73* 0.19£0.07 218.3+525 190.9 £ 25.3 2488.4 + 282.0% 1084.2 + 38.7 2128.8 +251.7 15285+ 133.4
4 7.52 £ 0.60* 0.19+£0.01 126.3+£12.9 185.1+29.8 1834.2 + 281.6* 680.6 £ 44.2 1829.2 + 327.3 1042.3 + 175.6
6 2.92 + 0.40* 0.22 +0.09 153.7+12.0 167.9 £ 28.2 1097.8 + 113.4* 563.4 +78.1 1233.0 £ 221.8 850.4 +142.7

2 Average + SE, n = 3. *Significant difference at P < 0.05 versus 0% IPs.

Table 2. AC Contents in Each Organ («g)

plasma2 stomach duodenum jejunum ileum
2.5% IPg 0% IPs 2.5% IPg 0% IPs 2.5% IPg 0% IPs 2.5% IPs 0% IPg 2.5% IPs 0% IPg

h

0 000+£000 0.00£0.00 0.00£0.00 0.00%£0.00 0.00+£0.00 0.00+£0.00 0.00 £0.00 0.00 £0.00 0.00 £0.00 0.00 £0.00

2 193+030 129+032 1145+1.49* 0.29+0.16 12524+38.68 540+4.93 43192+122.19 495.14+184.11 373.66+119.69* 3338.64 +502.32
4
6

215+0.16* 0.09+001 474+0.82* 001+0.00 2386+536* 023+0.17 21843 +28.68* 445+3.25 642.47 +166.54  345.22 + 282.69
1.00+£0.08* 0.05+0.02 248+0.79 0.02+0.01 594+379 024+0.06 136.23+34.28 250+1.39 344.36 + 26.32* 81.94 £41.39

aglmL in plasma (average SE, n = 3). *Significant difference at P < 0.05 versus 0% IP.

Table 3. Mean AC Concentration in Plasma (ng/mL)?

baseline 1h 2h 4h 6h 8h
control 0.000 + 0.000 0.119 + 0.047 0.457 + 0.135 0.373 +0.327 0.108 + 0.014 0.137 +0.052
BCA-IPg 0.391 +0.262 5171+ 1.741* 2.428 +0.988" 2.621 +0.725* 0.149 £ 0.077 0.253 + 0.084

2 Average + SE, n = 6. Significant difference at *, P < 0.05; **, P < 0.01; and #, P < 0.1 versus control.

Table 4. Mean AC Recovery in Urine (ug)?

baseline 0-2h 2-4h 4-6h 6-8h 8-24h 24 h total

control 0.320+0.181 38.20 +23.02 24.31+£9.65 5.09+2.44 1.90+0.72 9.69 +2.54 79.19+31.12
BCA-IPg 0.352 +0.083 105.07 + 29.04* 89.38 + 29.02* 71.13 + 30.64* 29.97 £6.17+ 60.02 + 16.10* 355.57 £ 95.17*

2 Average + SE, n = 6. Significant difference at *, P < 0.05; **, P < 0.01; and #, P < 0.1 versus control.

RESULTS were measured after administration of BCAs with or without

Rat Dose-Dependency StudyJrine samples were collected IPs, and a comparison study ofdlnd phytin (Ca salt of 1§}
0—4, 4—8, and 8—24 h after oral administration of either BCA Was carried out in another group of rats.
dissolved in IR solutions (0%, 0.25%, 0.5%, 1.0%, 2.5%) or ~ Comparative Study of IPs and Phytin in Rats. We
5% citric acid.Figure 2 shows the time-course of changes in compared the AC absorption enhancing effects il phytin.
the total excretion of the four ACs and the cumulative excretion Phytinis primarily a calcium salt of Fand has a weak chelating
levels of these ACs in the rats. None of these anthocyanins were€ffect on minerals. The concentration of phytin was set at
detected in urine prior to administration. After oral administra- 1.336% to remove the amount of calcium as a 1.0% phytin
tion of BCA in IPs solutions, the recovery of ACs in urine in  IPs solution. The AC absorption enhancing effect of Was
the first 24 h increased dependent on the t®se. At the reconfirmed at different dosages of BCAs (AC 100 mg). In the
maximum dose of IR the recovery of AC was significantly 20  |Ps group 1 = 5), the mean urinary recovery of BCAs (0.87
times higher than that without The enhanced absorption 0.16%) was 5.8 times higher than that in the control group (0.15
associated with IPwas clearly greater than that with the positive = 0.03%). The AC absorption enhancing effect was not
control, 5% citric acid. Interestingly, in the groups administered observed in the phytin group (0.2 0.09%). These results
an IR, concentration<0.5%, the ACs were excreted rapidly in  suggested that the chelating effect of Ray participate in the
the urine withh 4 h of BCA administration, followed by a  AC absorption enhancing effect of the compound.
decrease in excretion levels. At highsiEbncentrations 0.5%, Analysis of IPg Enhancing Effect in Rats. To investigate
the ACs were also rapidly excreted within the first 4 h, although the AC absorption enhancing effect ofg)Rve measured the
the peak of AC excretion occurred between 4 and 8 h. The AC concentration in plasma and gastrointestinal organ contents
cumulative urinary excretion of ACs was3% of the amount (stomach, duodenum, jejunum, and ileum) following administra-
administered orally, a level not greatly different from that of tion of BCAs (AC 100 mg) with or without the highest dose of
other polyphenols. The intact forms of the four ACs were IPg(2.5%). The results of organ content weights are summarized
detected mainly in the urine (data not shown), similar to that in Table 1, and organ content’'s ACs are shownTiable 2.
seen in our recent studie8, (12). The urinary volume and pH  The time-course of changes in AC concentrations in rat plasma
of each treatment group were not significantly different (data following administration of BCAs is also summarizedTiable
not shown). These results suggest thatdfhances gastrointes- 2. In both groups, none of the ACs was detected in plasma
tinal absorption of AC. To investigate this enhancing effect of before administration. In the control group without,|Ehere
IPes, the AC concentration in plasma and gastrointestinal contentwas an increase in plasma AC concentration to 1#20.32
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Figure 3. The time-course of changes in BCA plasma concentrations in humans after oral intake of a single dose of control beverage or BCA-IPg
beverage in six subjects. (A) Control beverage group involving intake of BCA concentrate (4 mg of AC/kg body weight). (B) BCA-IP¢ beverage group
involving intake of BCA concentrate (4 mg of AC/kg body weight) dissolved in 1% IPs and 1% of sodium citrate solution (pH 3.17).

ug/mL 2 h following oral administration of BCAs. At 4 and 6  post-administration, a significant difference was confirmed
h post-administration, the plasma concentration of ACs de- against the control group.

creased to 0.0% 0.01 and 0.05t 0.02ug/mL, respectively. There was also no remarkable difference in the weight of
These results are similar to those reported in our recent studythe ileum’s contents 26 h after administration of BCAS in
(12). In the group administered both BCA and;,|[Ehere was either group. However, ACs were detected in the ileum 2 h
an increase in the mean plasma AC concentration to £93  post-administration only in the control group with the significant
0.30ug/mL 2 h post-administration, which increased further to  difference against igroup. This finding implied that the BCAs
2.154 0.16ug/mL by 4 h. At 6 h post-administration, the mean had reached the ileum withi2 h inthese control animals. By
plasma concentration of ACs had decreased but remained atontrast, at 6 h post-administration, ACs in the ¢ffoup were
1.00+ 0.08ug/mL. These results reflected the urinary excretion  significantly higher than those of the control group in the ileum.
data and suggested that Ehhances the absorption of AC into  Also, the bulk of the ACs had not reached the ileum by 2 h,

the plasma and excretion in urine. suggesting that the combination of BCAs and; iieéduced
The weight of the contents in the rat stomach following gastrointestinal motility, especially in the stomach.
administration of BCAs is summarized ifiable 1, and the Confirmation of the IPs Enhancing Effect with Other

corresponding AC concentrations are showiiafble 2. In the Berry ACs in Rats. To confirm the absorption enhancing effect
control group, the weight of the stomach contents was similar of IPs, we measured the urinary recovery rate of ACs in the 24
to that before administration, and no ACs were detected in any h period following administration of ACs derived from other
of the samples. This implied that the BCAs had passed throughberries. In the control groups of elderberry and bilberry, the
the stomach within 2 h. However, in theglBroup, the weight urinary recovery rates of ACs 24 h after administration were
of the stomach contents was significantly heavier than that in 0.140+ 0.03% and 0.28Gt 0.09%, respectively, values that
the control group 26 h post-administration. ACs amounts were  were similar to those measured in the BCA study. The enhancing
significantly higher than those of the control group in the effect of IR was also effective with both types of berry ACs,
stomach 2 and 4 h post-administration. These results suggesteavith absorption being 4.3 times greater with elderberry ACs
that the combination of BCAs anddReduced stomach motility. ~ (0.6004 0.09%) and 10.6 times greater with bilberry ACs (2.96
In the duodenum, the weight of contents after administration £ 0.37%).
of BCAs was not remarkably different in either group 2—6 h Human Study. Throughout the study, all of the subjects
post-administration. However, ACs were detected only in the remained in relatively good health, and no adverse side effects
duodenum during this period in thegBroup. This indicates  were observed. It was confirmed that the human plasma and
that the BCAs had passed through the duodenum mv2Hi in urine samples of the two study groups contained a negligible
the control group. However, in thed@roup, the ACs remained  amount of anthocyanins prior to intake of BCA.
in the duodenum up to 6 h post-administration. At 4 h post-  Figure 3Ashows the time-course of changes in the concen-
administration, a significant difference was confirmed against trations of ACs in each control subject after ingestion of BCA
the control group. concentrate alone (16.6 mg/kg body weight providing 4 mg of
With regard to the contents of the jejunum, there was no AC/kg body weight). The plasma AC concentrations in each
remarkable difference in the control group during the 6 h period subject were quite variable but low, being almost less than 1
following administration. The ACs were detected in the jejunum ng/mL. The maximum concentration of ACs was different in
of these control animals at levels similar to those of thg IP the subjects and occurred at either 1 or 2 h after administration.
group 2 h post-administration only. This finding indicated the This result was the same as that reported in our recent study,
BCAs had reached the jejunum within 2 h and had passed but different from that for other polyphenols (e.g., the peak for
through by 4 h. In the IPgroup, the weight of the jejunum isoflavone occurs between 6 and 8 h). In the BCA-gffoup,
contents was significantly heavier than that in the control group the dose of ACs in the beverage was the same as in controls
between 2 and 6 h post-administration. ACs were also detected(BCA concentrate 16.6 mg/kg body weight providing 4 mg of
in the jejunum between 2 and 6 h post-administration. At 4 h AC/kg body weight), dissolved in 1% §Rand 1% of sodium
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Figure 4. The time-course of changes in the level of urinary excretion of ACs in humans after oral intake of a single dose of control beverage or BCA-IPg
beverage in six subjects. (A) Control beverage group involving intake of BCA concentrate (4 mg of AC/kg body weight). (B) BCA-IP¢ beverage group
involving intake of BCA concentrate (4 mg of AC/kg body weight) dissolved in 1% IPg and 1% of sodium citrate solution (pH 3.17).

citrate solutionFigure 3B shows the time-course of changes multiple biological effects4, 5, 21). In view of these effects,

in the concentrations of ACs in each subject after ingestion of the bioavailability of these compounds is regarded as an
BCA-IPs beverage. The plasma AC concentrations of all of the important issue. However, in an earlier study, (ve found that
subjects were clearly increased, with the maximum plasma AC the urinary excretion of ACs was relatively low, ranging from
concentration 1 or 2 h after administration being different in 0.004% to 0.1%,with these values being quite small as
each subject. The mean plasma AC concentration in both groupscompared to other polyphenols. We calculated the pharmaco-
is summarized inTable 3 with the BCA-IR group always kinetic bioavailability of BCAs in rats and found that oral
having a significantly high concentration at 1 and 4 h after administration of D3R resulted in real bioavailability (0.49
administration.Figure 4A shows the time-course of changes 0.06%) as compared to intravenous injections. While this value
in the level of urinary excretion of ACs in the control beverage was greater than that for other ACs, it was markedly smaller
drinking group (BCA concentrate alone). Although the excretion than for other polyphenols9). We also observed a rise in
time of the ACs was variable in each subject, the profile was bioavailability following oral administration of ACs resulting
similar to that observed in our recent studi?2) (i.e., the from immobilization stress associated with reduced gastrointes-
excretion peaks occurred within 4 h, and then gradually tinal motility.

decreased)rigure 4B shows the time-course of changesinthe |y the present study, we evaluated the potential of a
urinary excretion levels of ACs in each subject following compination of IR and AC to induce immobilization of

ingestion of BCA-IR beverage. Urinary excretion of ACs in gastrointestinal motility in both rats and human, thereby
all of the subjects was markedly increased. The maximum increasing the bioavailability of AC.

excretion time of ACs was also different in each subject. For | " dose-dependency study in rats, following oral admin-

example, in subject NO.3 this occurred in the first 2 h after istration of BCA (241 m - ; o
n . o . g of AC/kg body weight) in §R0%,
administration, while in subject NO.1 the peak occurred between 0.25%, 0.5%, 1%, 2.5%) solutions, the recovery of ACs in the

4 and 6 h The average AC excretion In urine in both groups is urine in the first 24 h increased dependent on thediése. At
summarized imable 4. Comparlson_of the mean values shovx_/ed the maximum dose of P the recovery of AC was 20 times
the BCA-IR; group aIWf"‘YS haq a higher excretion level during higher than that without I© This enhanced absorption caused
the 8 h foIIqwmg adm_lnlstratlon. AL92, 6f8’.‘?nd 8_.24 h, by IPs was obviously greater than that with the positive control,
the cumulative excretion amount had_ a significant dn‘ference 5% citric acid. Urinary volume and pH in the groups was not
between both groups. Moreover, the high level of AC excretion remarkably different. Taken together, these results suggest that

\(/:V(?r?sirs):glnotnv%ﬁﬁ tl;1net"rebsit¥[vse?rrc‘m? (?S;js?ugi.e-sl—r:)isfa:ses#lésé \;\:)eur;a IPs enhanced gastrointestinal absorption of AC. The cumulative
: urinary excretion of ACs was greater than 3% of the oral

ACs (D3R, C3R, D3G, and C3G) were detected mainly in both administration amount, a level that was not greatly different

the plasma and the urine as intact forms (data not shown). from other polyphenols. At high Foncentrations greater than
1.0%, although the ACs were excreted rapidly between 0 and
DISCUSSION 4 h, peak AC excretion was delayed until between 4 and 8 h.
Interactions between phytochemicals, or between their sec-It is therefore possible that the mixture of BCAs and tiray
ondary products and synthetic pharmaceutical drugs, canremain in the gastrointestinal tract for up to 8 h.
potentiate their biological activity in humans, or alternatively To analyze the enhancing effect ofsI&n AC absorption in
interfere with the expected efficac9). Walton et al. reported rats, we measured plasma AC levels and the weight of contents
that the flavonol, quercetin-3-glucoside, inhibited C3G absorp- in gastrointestinal organs including the stomach, duodenum,
tion in vitro (20). In contrast, in our study we found that the jejunum, and ileum. In the WPgroup, there was a sustained
combination of ACs and P had positive effects on AC increase in plasma AC concentrations that corresponded to the
absorption. levels of urinary excretion. At 4 and 6 h after administration,
Recently, considerable attention has been paid to the biologi-plasma AC concentrations were significant higher than those
cal functions of dietary flavonoids, with ACs, the natural of the control group. In the control group, the weights of the
pigments of the flavonoid family, having been shown to have organ contents were not remarkably different at any time,
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whereas ACs were only detected in the jejunum and ileum 2 h  The excretion time of ACs was variable in the subjects in
after administration of the BCAs. This finding implies that BCAs both the control and the BCA-§beverage drinking groups,
normally pass through the stomach and duodenum within 2 h. with the urinary excretion of ACs in all subjects in the BCA-
However, in the IR group, the weight of the stomach and [|Pg group being markedly increased. Comparison of the mean
jejunum contents were significantly heavier than those in the amount of ACs excreted showed the BCAsIgroup always
control group through 2—6 h after administration. A large had the highest level of excretion. Moreover, the peak of AC
amount of ACs was also detected in the stomach, duodenum,excretion was delayed until 4—8 h post-administration, and the
and jejunum 2—6 h post-administration in the froup. Only recovery of AC in the IRgroup was 4.5 times higher than that
small amounts of ACs were detected in the ileum in thg IP  without IPs. These results were in agreement with the results
group as compared to controls, indicating that the ACs had only from our studies in rats.
reached the jejunum but not the ileum 2 h after administration.  |n the present study, the four ACs, D3R, C3R, D3G, and
These results suggested that the mixture of BCAs and IP C3G, were detected mainly in both plasma and urine as intact
reduced gastrointestinal motility, especially in the stomach and forms following oral administration of BCAs. In our recent
jejunum. Our data indicated the prolongation of ACs residues study, three purified ACs, D3R, C3R, and C3G, and BCAs were
in the gastrointestinal tract was caused by Ehhancing  administered orally to both rats and humans. This study showed
absorption of AC. There are no reports ofglifeducing  that these compounds were absorbed and became distributed
gastrointestinal motility (H. Ishikawa, personal communication, mainly in the blood and excreted in the urine as intact forms
2006), and it appears that only the combination of ACs ard IP (9). We reported the detection of small amounts of the
is effective for reducing gastrointestinal motility. metabolite #0-methyl-delphinidin-3-rutinoside in plasma, but
ACs are absorbed and eliminated extremely rapidly and are did not detect either anthocyanidin (aglycone) or glucuro- or
absorbed with poor efficiency as compared to other polyphenols. sulfoconjugates. Other studies have reported that several
Several recent reports have identified the absorption site of ACs, metabolites are formed after oral ingestion of ACs. For example,
with Talavéra et al. demonstrating that a high proportion of glucuronyl is formed from cyanidin-3-glucoside and both
anthocyanin monoglycosides was absorbed from the stomach glucuronyl and sulfate conjugates from pelargonidin-3-glucoside.
This absorption was dependent on anthocyanin structure withOur results indicate that delphinidin-3-rutinoside may be
delphinidin glycosides being the most readily absorb2?).( metabolized differently from cyanidin-3-glucoside and pelar-
Passamonti also showed in an in vivo experiment in rats that gonidin-3-glucoside. In our comparative study of &nd phytin
the stomach was involved in the absorption of grape anthocya-in rats, only the IRgroup exhibited an AC absorption enhancing
nins (23). In the present study, the AC contents in the stomach effect. This result suggested that the chelating action @&y
were increased and remained at this level in thegh®up. If it participate in this enhancement of AC absorption.
is assumed the main site of absorption of ACs is the stomach, The molecular weights of anthocyanin glycosides are usually
this would pI'OVide considerable support to the scientific rationale approximate]y 406600 daltons. However, in aqueous SOlUtiOﬂ,
of our study. ACs exist as high molecular complexes with other polyphenols,
Talavéra et al. also showed that anthocyanin glycosides weremetal ions, carbohydrates, and organic acids. For example, a
rapidly and efficiently absorbed from the small intestine blue pigment complex, protodelphin, was isolated from the blue
(jejunum- ileum) in a rat in situ study24), while Matuschek flowers of Salvia pateng26). Protodelphin was shown to be
et al. found in an in vitro study in mice that absorption of AC composed of delphinidin 3-(6p-coumaroylglucoside)-5-(6"-
occurred predominantly in the jejunum as compared to the malonylglucoside), apigenin 7,4'-diglucoside, and magnesium.
duodenum, ileum, or color2B). These reports also supported Similar blue complexes manifested as metallo-anthocyanins are
the findings of our study in that the presence of ACs in the formed with iron, manganese, cobalt, nickel, zinc, and cadmium
jejunum occurred earlier than in either the plasma or the urine instead of magnesium.
and corresponded to the plasma concentration and urinary The mechanism by which §Penhances AC absorption
excretion of ACs. lleum may be a main site of anthocyanin remains unresolved. However, as phytin has no such effect on
absorption. In our study, although the ACs of ileum are high in  AC absorption, it is possible that the strong chelating effect of
the control group, the plasma concentration and urinary excretion|ps on metal ions, such as iron and magnesium, contributes to
of ACs are quite small in the control group. the enhanced AC absorption. It is also possible thatnBy
We also measured the urinary recovery rate of ACs in the transform from a huge molecular group to another situation by
24-h period following administration of either elderberry and chelating metal ion, thereby tending to remain in the stomach
bilberry ACs administration in rats. The urinary recovery rates and jejunum. The mechanism of AC absorption from the
in the 24 h after administration of these ACs withoug Virere stomach was also not established. Walgren et al. reported that
0.1-0.3%, a recovery rate similar to that of BCA. In rats AC absorption in the small intestine involved an interaction with
administered a combination ofJRnd ACs from either berry,  the intestinal sodium-dependent glucose transporter, SGLT1
the AC absorption enhancing effect ofglRas also apparent, (27), although the absorptive mechanism was also not elucidated
being 4.3 times greater for elderberry ACs and 10.6 times greaterin detail.
for bilberry ACs. These results suggested that the enhancing One limitation of this study is the small number of humans
effect of IR; on AC absorption was effective not only for BCAs,  in the design of human study. It is necessary to further a large
but also for other berry ACs. study to confirm the IPenhancement of AC absorption and to
In our human study, the plasma AC concentrations in the set the suitable I dose in human. To demonstrate the
subjects showed moderate variability. The concentrations weremechanism involved in iPenhancement of AC absorption, it
almost less than 1 ng/mL in the control group, whereas in the will be necessary to perform further studies on the mechanism
BCA-IPs group, the plasma AC concentrations in all of the of absorption of high molecular ACs in aqueous solution. As
subjects were markedly increased. The mean plasma ACour data showed the intake of commercial blackcurrant juice
concentration was always higher in the BCA-ffPoup, a finding with IPg increased the plasma level and urinary excretion of
consistent with the results obtained from our studies in rats. AC, this raised the possibility of using dRs an enhancer of
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AC absorption. Under Japanese food sanitation law, the use of
IPs is permitted as an acidulant with no upper limitation on

dosage. Although several safety studies have conformed to these
sanitation laws, there have been no studies on the intake of high

doses of IR in humans. Safety tests are therefore necessary
before high dose Pcan be used in foods. As a consequence
of the reduction in the stomach motility caused by intake of
BCAs and IR, subjects may feel their stomachs “feeling heavy”.
Yet, throughout the study, all of the subjects did not report these
side effects.

In conclusion, the present studies in rats demonstrated that
orally administered IPwith AC dramatically enhanced AC
absorption to the plasma and excretion in the urine. This AC
absorption enhancing effect ofdRas also confirmed in human
plasma and urine. The enhancement of AC absorption by the
addition of IRs may prolong the transient time by decreasing
gastrointestinal motility. This is the first report to show
specifically that a combination of foods enhances the absorption
of ACs.
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