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Abstract

In this study, the formation of protocatechuic acid (PCA) as a degradation product of cyanidin 3-O-b-D-glucopyranoside (Cy3G) was
evaluated in plasma after oral or intravenous administration of Cy3G in rats for better understanding of functionality of anthocyanins
in vivo. Cy3G (100 mg/kg) was orally administered to rats and the blood was obtained time dependently. The plasma concentration of
Cy3G and PCA was determined by high performance liquid chromatography. Cy3G was detected in rat blood plasma 15 min after oral
administration and reached its maximum of 0.23 lM. Several metabolites reported in our previous studies were also observed at similar
plasma levels. However, PCA was not detected in any rats at any time point, which indicates the formation of PCA from Cy3G is not a
major pathway. Further, PCA was not detected in the blood plasma after intravenous administration of Cy3G. These results demon-
strated that neither PCA was absorbed as the major intestinal metabolite of Cy3G after oral administration nor formed as the metabolite
in liver and thus PCA does not exhibit high contribution to the functionality of Cy3G in vivo.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to the recent studies on health benefits of active
compounds in dietary food (Al-Awwadi et al., 2004; Arts
& Hollman, 2005; Manach, Mazur, & Scalbert, 2005),
flavonoids are generally accepted as functional food fac-
tors (Klinge et al., 2005; Lambert & Yang, 2003; Ono,
Hasegawa, Naiki, & Yamada, 2004). The reddish pigment
known as anthocyanins is a family of flavonoids widely
distributed in colored fruits (Garcia-Viguera, Zafrilla, &
Tomas-Barveran, 1998; Ichiyanagi, Hatano, Matsugo, &
Konishi, 2004; Slimestad & Solheim, 2002) and vegetables
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(Ichikawa et al., 2001; Ichiyanagi et al., 2005; Terahara
et al., 1999). Health beneficial properties of anthocyanins
have also been reported both in human (Matsumoto et al.,
2005; Nakaishi, Matsumoto, Tominaga, & Hirayama,
2000) and experimental animals (Kang, Hur, Kim, Ryu,
& Kim, 2006; Mazza, Kay, Cottrell, & Holub, 2002).
Vision improvement is one of the most famous function-
alities of anthocyanins. Recently, Matsumoto, Nakamura,
Tachibanaki, Kawamura, and Hirayama (2003) demon-
strated that stimulating effect of anthocyanin on the
regeneration of rhodopsion contributed to its function.
On the other hand, we have demonstrated reactivity of
anthocyanins towards both reactive oxygen (Ichiyanagi,
Hatano, Matsugo, & Konishi, 2003, 2004a) and reactive
nitrogen (Ichiyanagi, Hatano, Matsugo, & Konishi,
2004b) species in vitro and clarified structure-antioxidant
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Fig. 1. Chemical structure of cyanidin 3-O-b-D-glucopyranoside and
protocatechuic acid. 1: Cyanidin 3-O-b-D-glucopyranoside, 2: proto-
catechuic acid.
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activity relationship of anthocyanins (Rahman, Ichiyan-
agi, Hatano, Komiyama, & Konishi, 2006). Apoptotic
effects of anthocyanidins and anthocyanins on cancer cell
lines have also been reported both in vivo (Ding et al.,
2006) and in vitro (Hou et al., 2003; Hou, Tong, Tera-
hara, Luo, & Fujii, 2005). Thus, nutraceutical importance
of anthocyanins has been extensively discussed because of
their high consumption from daily diet (Wu et al., 2006).

Studies on biological behaviors such as absorption and
metabolism of anthocyanin have also widely reported (Fel-
gines et al., 2003; Ichiyanagi et al., 2004a, 2004b, 2005b;
Ichiyanagi, Shida, Rahman, Hatano, & Konishi, 2005a;
Kay, Mazza, Holub, & Wang, 2004; Matsumoto et al.,
2001; Miyazawa, Nakagawa, Kudo, Muraishi, & Someya,
1999; Talavera et al., 2005) for further understanding of
anthocyanin functionalities. Recently, we have reported
absorption and tissue distribution of 14 types of anthocya-
nins contained in bilberry (wild type blueberry) in rats
(Ichiyanagi, Shida, Rahman, Hatano, & Konishi, 2006)
and clarified that both aglycone and attached sugar affect
their bioavailability. We also reported that nasunin, typical
acylated anthocyanin in eggplant, was absorbed to the
same extent as that of non-acylated anthocyanins such as
delphinidin 3-O-b-D-glucopyranoside (Dp3G) (Ichiyanagi,
Terahara, Rahman, & Konishi, 2006). Taking our results
together with others into consideration, it was concluded
that anthocyanins are absorbed as their intact glycoside
or acylated forms.

On the other hand, studies on flavonoid metabolism
have indicated that glycolytic cleavage of sugar and deg-
radation of flavonoid skeleton by intestinal bacteria plays
an important role in their metabolism and absorption
(Aura et al., 2002; Lin, Hsiu, Hou, Chen, & Lee Chao,
2003; Meng et al., 2002; Winter, Moore, Dowell, &
Bokkenheuser, 1989). The ring fission products thus
attract attention in relation to their physiological roles.
It is known quercetin 3-glycoside incubated with human
or rat intestinal microflora was degraded to phloroglu-
cinol and 3,4-dihydroxyphenylacetic acid (Aura et al.,
2002). Also, valerolactone has been reported as a ring-
fission metabolite of epicatechin in both rats and human
(Meng et al., 2002). Studies on intestinal degradation of
anthocyanins have also reported (Aura et al., 2005;
Perez-Vicente, Gil-Izquierdo, & Garcia-Viguera, 2002).
In those studies, protocatechuic acid (PCA) was identi-
fied as a major ring fission product of cyanidin 3-O-b-
D-glucopyranoside (Cy3G) when incubated with intestinal
microflora (Aura et al., 2005; Perez-Vicente et al., 2002).
A few studies indicated plasma appearance of PCA after
oral administration of Cy3G but the results were not
conclusive (Kay et al., 2004; Tsuda, Horio, & Osawa,
1999). However, this issue is quite important for discuss-
ing the physiological function of anthocyanins. Thus, in
this study, we focused on our aim to assess whether
PCA is detected as the major metabolite of Cy3G in
rat blood plasma after oral and intravenous administra-
tion of authentic Cy3G.
2. Materials and methods

2.1. Chemicals

PCA was obtained from Sigma Co. Ltd. All other
reagents including trifluoroacetic acid (TFA) were pur-
chased from Wako Pure Chemical Industries Co. Ltd.,
Japan and used without further purification. Cy3G
(Fig. 1) was purified from purple black rice (PBR) accord-
ing to our previously described method with a slight mod-
ification (Ichikawa et al., 2001). Briefly, the peel was
removed from PBR by a grinder and the colored peel
was successively immersed in 3% trifluoroacetic acid
(TFA) aqueous solution. The extract was filtered and evap-
orated to dryness in vacuo and re-dissolved in distilled
water containing 1% TFA. The extract was washed with
ethyl acetate to recover the anthocyanins in the water frac-
tion. After the removal of residual ethyl acetate by evapo-
ration, the water fraction was further separated by an open
column packed with polyvinyl pyrrolidone (30 cm �
5.7 cm) (ISP, Japan). The column was washed with 1%
TFA aqueous solution for the elution of water-soluble
components and further Cy3G was eluted by 1% TFA con-
taining 30% methanol aqueous solution. The Cy3G rich
fraction was collected and evaporated to dryness in vacuo
under 40 �C. Cy3G recovered was dissolved in a small
amount of 0.1% hydrochloric acid containing methanol
solution and diethyl ether was added to precipitate it as a
chloride salt. The purity of Cy3G was checked by quantita-
tive tandem time of flight mass spectrometry (Q-Tof
Ultima, Micromass, Manchester, UK) and extensive 1D
and 2D NMR (JEOL ECA 500) as described in our previ-
ous report (Ichiyanagi et al., 2004).

2.2. Quantification of plasma protocatechuic acid by previous

method

The recovery and high performance liquid chromato-
graphic (HPLC) separation of PCA was carried out
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according to the method previously described (Tsuda et al.,
1999). Briefly, the plasma (400 lL) obtained from starved
rats was mixed with an equal volume of 10 mM oxalic acid,
and then the mixtures were subjected to Sep-Pak C18 car-
tridges (Waters, United States). After washing with 10 mM
oxalic acid, anthocyanin and the metabolites were eluted
with 1% TFA containing methanol. The effluent was evap-
orated to dryness in vacuo below 40 �C. The dried extract
was dissolved using 100 lL of 15% acetonitrile containing
50 mM sodium phosphate (pH 1.7). An aliquot (20 lL)
of this solution was injected into an HPLC system. HPLC
was carried out on a Develsil ODS-HG-5 (Nomura Chem-
ical Co. Ltd., 250 mm � 4.6 mm) using 15% acetonitrile
containing 50 mM sodium phosphate (pH 1.7) as elution
solvent at a flow rate of 1 mL/min. The effluent was mon-
itored at 260 nm with a UV–vis detector (Hitachi, Japan).
The recovery of through above method was checked by
addition of authentic PCA with rat blood plasma.

2.3. Animals and diets

SPF male Wistar ST rats (5 weeks old, 100 g of average
body weight) purchased from Japan SLC Inc. (Hamama-
tsu, Japan) were individually housed in stainless-steel
wire-mesh cages at 23 ± 1 �C for conditioning under a
12-h light/dark cycle. The rats were allowed free access to
tap water and control diet for 7 days before the experiment.
Rats were treated in accordance with the Guidelines of Nii-
gata University of Pharmacy and Applied Life Sciences.

2.4. Experimental design and plasma preparation

After 7 days of the conditioning period, carotid vein
cannulation was carried out according to our previous
method (Ichiyanagi et al., 2005b). Briefly, eight rats were
cannulated with a polyethylene tube (PE-50) into a neck
vein under anesthesia with diethyl ether. The neck vein
was isolated and a small hole was made by the use of scis-
sors to insert a polyethylene tube. After the insertion of the
tube in the hole, the vein and the tube were occluded and
the inserted tube was penetrated through the skin and
guided out of the back of the rats. After starvation for
24 h, the rats were randomly assigned into two groups,
and Cy3G (100 mg/kg body weight) dissolved in 0.1% citric
acid was orally administered to four rats by direct stomach
intubation. In the case of intravenous administration,
Cy3G (2 mg/kg body weight) dissolved in physiological sal-
ine was injected to the neck vein of another four rats.
Blood samples were collected via the cannulated tube using
a heparinized syringe before and after the administration at
15, 30, 60, 120, 240, 480 and 720 min for the oral adminis-
tration and 1, 15, 30, 60, 120 and 240 min for the intrave-
nous administration of Cy3G. After the withdrawal of each
blood sample (600 lL), the same volume of donor blood
was injected through the tube. That donor blood was
obtained from the inferior vena cava of other healthy rats
using sodium citrate (500 lL of 10% sodium citrate for
8 mL blood). Each blood sample was centrifuged at
3000g for 5 min at 4 �C for HPLC analysis. The adminis-
tered dose was determined for both orally and intrave-
nously administered experiments based on the detection
limit of the present HPLC method (Ichiyanagi et al.,
2005a).

2.5. Determination of Cy3G in blood plasma

Sample preparation for HPLC analysis of Cy3G from
plasma samples was followed according to our previous
report (Ichiyanagi et al., 2005b) with a slight modification.
Briefly, the obtained plasma samples (100 lL) were acidi-
fied with equal volume of 1% TFA aqueous and 150 lL
were applied to Sep-Pak C18 cartridges light (Waters,
USA) preconditioned with methanol (3 mL) and 3% TFA
aqueous solution (3 mL). Then, the cartridges were washed
successively with 1 mL of 3% TFA aqueous solution, and
Cy3G and its metabolites were eluted with 1% TFA con-
taining 50% acetonitrile aqueous solution. The recovered
solution were evaporated to dryness in vacuo, dissolved
in 150 lL of 0.5% TFA containing distilled water and then
an aliquot (100 lL) of the solutions was injected into an
HPLC system (Hitachi 7200). In the case of intravenously
administered plasma samples, further dilution was carried
out depending on the colors of the samples for the antho-
cyanin analysis. For the detection of anthocyanin and its
metabolites, HPLC was carried out with Develosil ODS
HG-5 column (Nomura Chemical Co. Ltd., Japan,
150 mm � 1.0 mm) using 0.5% TFA containing 18% meth-
anol aqueous solution as the elution solvent at a flow rate
of 0.1 mL/min, and the elution peaks were monitored at
520 nm with a UV–visible detector (Hitachi). The recovery
of Cy3G through the above method was checked by addi-
tion of authentic Cy3G with rat blood plasma and it was
determined as 82.4%. Calibration curves for Cy3G was
made using authentic Cy3G.

2.6. Determination of PCA in blood plasma

Extraction of PCA was carried out essentially according
to Hodgson, Morton, Puddey, Beilin, and Croft (2000)
with modifications. Cy3G was administered to rats and
the plasma of the rats (200 lL) was acidified with 200 lL
of 3% TFA aqueous solution and then, 400 lL of ethyl ace-
tate was added and vigorously mixed for 30 s. After centri-
fugation at 3000g for 1 min, ethyl acetate was collected in
another tube. This procedure was repeated three times
and combined ethyl acetate was evaporated to dryness in
vacuo. The residue was re-dissolved in 0.5% TFA aqueous
solution (300 lL) and then aliquot (100 lL) of the solu-
tions was injected into an HPLC system. For the detection
of PCA, HPLC was carried out with Develosil ODS HG-5
column (Nomura Chemical Co. Ltd., Japan, 150 mm �
4.6 mm) using 0.5% TFA containing 5% methanol aqueous
solution as the elution solvent at a flow rate of 1 mL/min,
and the elution peaks were monitored at 260 nm with a



Fig. 3. Typical HPLC chromatogram of rat blood plasma by established
method. (a) Rat blood plasma added with protocatechuic acid (0.2 lM for
final concentration), (b) after 60 min of oral administration of cyanidin 3-
O-b-D-glucopyranoside.
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UV–visible detector (Hitachi). The recovery of PCA
through the above methods was checked by addition of
authentic PCA with rat blood plasma and it was deter-
mined as 87.9%. Calibration curves for PCA were made
using commercially available PCA.

3. Results

Cy3G was detected in the rat plasma both after oral and
intravenous administration of Cy3G. The maximum
plasma concentration of Cy3G reached its maximum of
0.23 lM at 15 min after oral administration and was
almost the same level as we previously reported
(0.19 lM) (Ichiyanagi et al., 2005b). Together with original
Cy3G, several metabolites such as extended glucuronides
of Cy3G, O-methyl Cy3G, cyanidin-glucuronide and O-
methyl cyanidin-glucuronide were also detected in the
blood plasma (data not shown) (Ichiyanagi et al., 2005a,
2005b).

In the present study, the conditions for separation and
recovery of plasma PCA were checked at the beginning
according to the method previously described by Tsuda
et al. (1999). Fig. 2a showed typical HPLC chromatogram
of rat blood plasma monitored at 260 nm using the same
condition reported (Tsuda et al., 1999) and Fig. 2b showed
HPLC chromatogram of PCA added rat blood plasma.
However, we found that PCA cannot be separated com-
pletely from plasma-originated peaks under the HPLC
conditions used by Tsuda’s report (15% acetonitrile con-
taining 50 mM phosphate buffer (pH 1.7)). The recovery
of PCA was also evaluated using solid phase extraction,
but the recovery was quite low (<60%) and varied depend-
ing on the quality and the condition of solid phase
cartridges.

Thus, we reexamined the extraction method for PCA
and HPLC separation conditions. Finally, we extracted
Fig. 2. HPLC chromatogram of rat blood plasma by the method
previously reported. (a) Normal blood plasma, (b) rat blood plasma
added with authentic protocatechuic acid (2 lM for final concentration).
HPLC was carried out on a Develosil ODS HG-5 (4.6 mm � 250 mm)
using 15% acetonitrile containing 50 mM sodium phosphate (pH 1.7) at a
flow rate of 1 mL/min and detected at 260 nm.
PCA by ethyl acetate according to the method of Hodgson
et al. (2000) with modifications. HPLC conditions for sep-
arating PCA from plasma-originated peaks with the same
retention time have also been established as follows: 0.5%
TFA containing 5% methanol aqueous solution as elution
solvent at a flow rate of 1 mL/min. The recovery of PCA by
the established method was 87.9% and the detection sensi-
tivity was also enough (50 nM) for the quantitative purpose
of protocatechuic acid in blood plasma.

Fig. 3a shows typical HPLC chromatogram of PCA
added rat blood plasma (2 lM as final concentration of
PCA) monitored at 260 nm. PCA was clearly separated
Fig. 4. Typical HPLC chromatogram of plasma samples prepared by the
presently established extraction method and analyzed under the previously
reported HPLC condition. (a) Rat blood plasma added with proto-
catechuic acid (2 lM for final concentration), (b) after 60 min of oral
administration of cyanidin 3-O-b-D-glucopyranoside.
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from back ground plasma peaks with retention time of
around 10 min. Also, several plasma peaks observed in
the original solid phase extraction procedure were disap-
peared from plasma samples. This established method
was applied for the analysis of PCA in Cy3G administered
rat blood plasma. Fig. 3b showed typical HPLC chromato-
gram of rat blood plasma 60 min after oral administration
of Cy3G. It is clear that no PCA was detected on the
HPLC chromatogram. PCA was not detected in Cy3G
administered rat blood plasma in any rat at any time point
even after 12 h. The same plasma sample was reevaluated
by the HPLC condition reported by Tsuda et al. (1999),
but PCA was not detected (Fig. 4a and b). Although the
data were not shown, PCA also was not detected in the
plasma after intravenous administration of Cy3G (2 mg/
kg).

4. Discussion

Biological behavior of anthocyanins has been widely
discussed both in human (Matsumoto et al., 2005; Mazza
et al., 2002; Nakaishi et al., 2000) and experimental animals
(Ding et al., 2006; Kang et al., 2006; Matsumoto et al.,
2003) for the understanding of their functionalities. Recent
results indicate that anthocyanins are absorbed in their ori-
ginal glycoside forms and the absorption rate is dependent
on both the type of aglycone (Felgines et al., 2003; Ichiyan-
agi et al., 2004a, 2005b; Kay et al., 2004; Miyazawa et al.,
1999; Talavera et al., 2005) and the type of the attached
sugar (Ichiyanagi, Shida, et al., 2006; Ichiyanagi, Terahara,
et al., 2006; Matsumoto et al., 2001). We further revealed
that the metabolism of anthocyanins was also variably
dependent on aglycone structure of anthocyanin, more cor-
rectly, B ring structure of aglycone (Felgines et al., 2003;
Ichiyanagi, Shida, et al., 2006; Ichiyanagi et al., 2004a,
2004b, 2005a, 2005b).

On the other hand, it is generally accepted that the deg-
radation of flavonoids in small intestine is another impor-
tant metabolic pathway in vivo (Booth, Jones, & DeEds,
1958; Das & Griffiths, 1969; Nakagawa, Shetlar, & Wnder,
1965). For example, quercetin-glucoside was degraded to
phrologlucinol and phenolic acid in small intestine (Nakag-
awa et al., 1965). Epicatechin, on the other hand, is meta-
bolized to valerolacton as ring-fission metabolites (Meng
et al., 2002). Recent study also indicates that rosmarinic
acid, a major component in Perilla frutescens, is also
degraded to give the ring fission products which function
in vivo (Baba, Osakabe, Natsume, & Terao, 2004).

Anthocyanins are quite unstable under neutral pH and
quickly degraded into ring fission product in vitro (Francis,
1989). Several researchers have reported the degradation of
Cy3G when they incubated Cy3G with human or rat intes-
tinal microflora (Aura et al., 2005; Perez-Vicente et al.,
2002) and demonstrated that PCA is a major product
in vitro. However, these studies have been carried out
under aerobic conditions where oxidation of anthocyanin
can easily occur. Plasma appearance of PCA after oral
administration of Cy3G is still uncertain, although there
are a few studies reported (Kay et al., 2004; Tsuda et al.,
1999). Limited amount of purified anthocyanins restricted
precise study on the ring-fission metabolism of anthocya-
nins. Thus, in this study, we focus our attention on whether
PCA is absorbed into rat plasma as a major ring-fission
metabolite after oral administration of authentic Cy3G.
Further, the production of PCA in peripheral tissue such
as liver after uptake into blood circulation was also studied
by intravenous administration of Cy3G.

Orally administered Cy3G was appeared in blood
plasma as its original glucoside form and reached its max-
imum concentration of 0.23 lM at 15 min after administra-
tion. Several metabolites reported in our previous studies
(Ichiyanagi et al., 2005a, 2005b) were also detected in blood
plasma (data not shown). Matsumoto et al. (2001) reported
the maximum plasma concentrations were 0.85, 0.85 and
0.58 lM, respectively, for Cy3G, cyanidin 3-O-rutinoside
and delphinidin 3-O-rutinoside with the dose of 400 mg/
kg of purified samples in rats (Matsumoto et al., 2001).
Taking these facts discussed above together into consider-
ation, it was concluded that saturation on anthocyanin
absorption from gastrointestinal tract does not occur up
to 400 mg/kg. Tsuda et al. (1999) reported Cy3G was
detected at maximum plasma level of 0.3 lM after oral
administration of 400 mg/kg of purified Cy3G, although
the dose was quite high compared with that from daily diet.
However, this value is quite low compared with orally
administered dose (400 mg/kg) of Cy3G. On the other
hand, they (Tsuda et al., 1999) have reported PCA
(2.4 lM) appeared in the plasma with approximately 8
times higher concentration than original Cy3G after oral
administration of Cy3G and concluded that PCA is a
major functional metabolite produced from Cy3G in vivo.

On the other hand, Kay et al. (2004) have reported that
only a trace of PCA was detected in human urine when 20 g
of chokeberry extract (1.3 g for cyanidin 3-glycoside and
899 mg as Cy3G) was orally ingested. However, the conclu-
sion is left uncertain whether PCA detected in their study
was metabolically produced directly from Cy3G in the
intestinal tract. Artificial production of PCA in the extract
during a processing step or degradation of Cy3G during
retention in urine bladder must be taken into account
because of the low stability of Cy3G in neutral pH. This
lead to fault result, thus, in the present study, we especially
focused on plasma samples and did not analyze PCA accu-
mulation in urine.

Previous experimental procedure reported by Tsuda
et al. was found inadequate to separate PCA from back-
ground plasma components (Fig. 2). Thus at first, we rees-
tablished the extraction method and HPLC separation
conditions as described in the result section. By the revised
method, PCA was successfully separated from plasma-
originated peaks with the detection limit of 50 nM with
87.9% recovery. Using this established method, plasma
uptake of PCA was evaluated after oral administration of
Cy3G. However, no detectable PCA was observed in rat
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blood plasma even after 1 h of oral administration of Cy3G
(100 mg/kg) (Fig. 3b). Finally, any detectable amount of
PCA was not observed in any rat plasma at any time point
(up to 12 h).

Tsuda et al. (1999) described in their report that plasma
sample was acidified and stored at �80 �C until use. Under
such condition, Cy3G will be oxidized and degraded during
sample storage or during further sample preparation proce-
dures, especially at thawing step. Several studies have also
demonstrated that the production of PCA from Cy3G after
fermentation with intestinal microflora in vitro under aero-
bic conditions (Aura et al., 2005; Perez-Vicente et al.,
2002). Keppler and Humpf (2005) have reported the pro-
duction of PCA when Cy3G was incubated under anaero-
bic conditions. However, the production of PCA was only
20% of original Cy3G added in the system indicating PCA
is not the sole ring-fission metabolite formed in small intes-
tine. On the other hand, we have previously reported
uptake and metabolism of Dp3G in rats (Ichiyanagi
et al., 2004a). In that study, we found intestinal contents
were almost colorless at 4 h after oral administration. This
indicates rapid degradation of Dp3G under physiological
condition. Wu, Pittman, and Prior (2006) also reported
that Cy3G was less stable than other glycosides of cyanidin
such as cyanidin 3-rutinoside and cyanidin 3-sambubioside.
Taking all these previous and present results together into
consideration, it will be reliable to conclude that PCA
might be produced in small intestine for certain extent after
oral administration of Cy3G but the estimated amount was
considerably low compared with that of orally adminis-
Fig. 5. Proposed fate of orally administered cyanidin 3-O-b-D-glucopyranos
pathway.
tered original Cy3G. Thus, detectable amount of PCA
was not absorbed from gastrointestinal tract into blood
plasma. In the present study, intravenous administration
of Cy3G was also carried out to confirm production of
PCA in peripheral tissues such as liver, although it was
deduced that PCA might be mainly produced in gastroin-
testinal tract after oral administration of Cy3G. However,
no PCA was detected in the plasma even after 4 h of intra-
venous injection (data not shown).

From the results obtained in the present and previous
studies, expected metabolic fate of orally administered
Cy3G in small intestine was proposed in Fig. 5. Orally
administered Cy3G is primarily absorbed directly from
small intestine as its intact glucoside form (Kay et al.,
2004; Matsumoto et al., 2001; Miyazawa et al., 1999).
Some part of Cy3G is hydrolyzed by b-glucosidase and
the released aglycon is subjected further conjugation by
UDP-glucuronyl transferase to form cyanidin-glucuronide
(Ichiyanagi et al., 2005b). On the other hand, part of cyani-
din produced is degraded into ring fission product but the
production of PCA is thought to be a minor, although we
cannot avoid the possibility that Cy3G is directly degraded
into unidentified ring-fission metabolites and absorbed into
blood plasma.

Conclusion is that PCA is not the major metabolite of
orally administered Cy3G in the plasma and thus does
not contribute significantly to the biological function of
Cy3G. Identification of other colorless metabolites of
anthocyanins which contribute to their in vivo functional-
ities are now in progress.
ide in rat small intestine. ( ) minor pathway, ( ) major



1038 T. Ichiyanagi et al. / Food Chemistry 105 (2007) 1032–1039
Acknowledgement

This study was supported by a Grant-in-Aid (No.
17780109) for Scientific Research from the Ministry of
Education, Science and Culture, in Japan.
References

Al-Awwadi, N., Azay, J., Poucheret, P., Cassanas, G., Krosniak, M.,
Auger, C., et al. (2004). Antidiabetic activity of red wine polyphenolic
extract, ethanol, or both in streptozotocin-treated rats. Journal of

Agricultural and Food Chemistry, 52, 1008–1016.
Arts, I. C., & Hollman, P. C. (2005). Polyphenols and disease risk in

epidemiologic studies. American Journal of Clinical Nutrition, 81,
317S–325S.

Aura, A. M., Martin-Lopez, P., O’Leary, K. A., Williamson, G., Oksman-
Caldentey, K. M., Poutanen, K., et al. (2005). In vitro metabolism of
anthocyanins by human gut microflora. European Journal of Nutrition,

44, 133–142.
Aura, A. M., O’Leary, K. A., Williamson, G., Ojala, M., Bailey, M.,

Puupponen-Pimia, R., et al. (2002). Quercetin derivatives are decon-
jugated and converted to hydroxyphenylacetic acid but not methylated
by human fecal flora in vitro. Journal of Agricultural and Food

Chemistry, 50, 1725–1730.
Baba, S., Osakabe, N., Natsume, M., & Terao, J. (2004). Orally

administered rosmarinic acid is present as the conjugated and/or
methylated forms in plasma, and is degraded and metabolized to
conjugated forms of caffeic acid, ferulic acid and m-coumaric acid. Life

Sciences, 75, 165–178.
Booth, A. N., Jones, F. T., & DeEds, F. (1958). Metabolic fate of

heseridin, eriodictyol, homeriodictyol, and diosmin. Journal of Biolog-

ical Chemistry, 230, 661–668.
Das, N. P., & Griffiths, L. A. (1969). Studies on flavonoid metabolism.

Metabolism of (+)-[14C]catechin in the rat and guinea pig. Biochemical

Journal, 115, 831–836.
Ding, M., Feng, R., Wang, S. Y., Bowman, L., Lu, Y., Qian, Y., et al.

(2006). Cyanidin 3-glucoside, a natural product derived from black
berry, exhibits chemopreventive and chemotherapeutic activity. Jour-

nal of Biological Chemistry, 17359–17368.
Felgines, C., Talavera, S., Gothier, M. P., Texier, O., Scalbert, A.,

Lamaison, J. I., et al. (2003). Strawberry anthocyanins are recovered in
urine as glucuoro-and sulfoconjugates in humans. Journal of Nutrition,

133, 1296–1301.
Francis, F. J. (1989). Food colorants: Anthocyanins. Critical Reviews in

Food Science and Nutrition, 28, 273–314.
Garcia-Viguera, C., Zafrilla, P., & Tomas-Barveran, A. (1998). The use of

acetone as extraction solvent for anthocyanins from strawberry fruit.
Phytochemical Analysis, 9, 274–277.

Hodgson, J. M., Morton, L. W., Puddey, I. B., Beilin, L. J., & Croft, K. D.
(2000). Gallic acid metabolites are markers of black tea intake in
humans. Journal of Agricultural and Food Chemistry, 48, 2276–2280.

Hou, D. X., Ose, T., Lin, S., Harazoro, K., Imamura, I., Kubo, M., et al.
(2003). Anthocyanidins induce apoptosis in human promyelocytic
leukemia cells: Structure–activity relationship and mechanisms
involved. International Journal of Oncology, 23, 705–712.

Hou, D. X., Tong, X., Terahara, N., Luo, D., & Fujii, M. (2005).
Delphinidin 3-sambubioside, a Hibiscus anthocyanin, induces apopto-
sis in human leukemia cells through reactive oxygen species-mediated
mitochondrial pathway. Archives of Biochemistry and Biophysics, 440,
101–109.

Ichikawa, H., Ichiyanagi, T., Xu, B., Yoshii, Y., Nakajima, M., &
Konishi, T. (2001). Antioxidant activity of anthocyanin extract from
purple black rice. Journal of Medicinal Food, 4, 211–218.

Ichiyanagi, T., Hatano, Y., Matsugo, S., & Konishi, T. (2003). Compar-
ison of anthocyanin reactivity towards hydroxyl radical, superoxide
anion and singlet oxygen. ITE Letters, 4, 788–793.
Ichiyanagi, T., Hatano, Y., Matsugo, S., & Konishi, T. (2004a). Kinetic
comparison of anthocyanin reactivity towards AAPH radical, hydro-
gen peroxide and t-buthylhydroperoxide using capillary zone electro-
phoresis. Chemical and Pharmaceutical Bulletin, 52, 434–438.

Ichiyanagi, T., Hatano, Y., Matsugo, S., & Konishi, T. (2004b).
Simultaneous comparison of relative reactivities of twelve major
anthocyanins in bilberry towards reactive nitrogen species. Chemical

and Pharmaceutical Bulletin, 52, 1312–1325.
Ichiyanagi, T., Hatano, Y., Matsugo, S., & Konishi, T. (2004). Structural

dependence of HPLC separation pattern of anthocyanins from
bilberry (Vaccinium myrtillus L.). Chemical and Pharmaceutical Bulle-

tin, 52, 628–630.
Ichiyanagi, T., Kashiwada, Y., Ikeshiro, Y., Shida, Y., Horie, M.,

Matsugo, S., et al. (2004). Complete assignment of bilberry (Vaccinium

myrtillus L.) anthocyanins separated by capillary zone electrophoresis.
Chemical and Pharmaceutical Bulletin, 52, 226–229.

Ichiyanagi, T., Kashiwada, Y., Shida, Y., Ikeshiro, Y., Kaneyuki, T., &
Konishi, T. (2005). Nasunin from eggplant is consisted of cis–trans
isomers of delphinidin 3-[4-(p-coumaroyl)-L-rhamnosyl(1 ? 6)gluco-
pyranoside]-5-glucopyraoside. Journal of Agricultural and Food Chem-

istry, 53, 9472–9477.
Ichiyanagi, T., Rahman, M. M., Kashiwada, K., Ikeshiro, Y., Shida, Y.,

Hatano, Y., et al. (2004a). Absorption and metabolism of delphinidin
3-O-b-D-glucopyranoside in rats. Free Radical Biology and Medicine,

36, 930–937.
Ichiyanagi, T., Rahman, M. M., Kashiwada, K., Ikeshiro, Y., Shida, Y.,

Hatano, Y., et al. (2004b). Absorption and metabolism of delphinidin
3-O-b-D-glucopyranoside in rats. Biofactors, 21, 411–413.

Ichiyanagi, T., Shida, Y., Rahman, M. M., Hatano, Y., & Konishi, T.
(2006). Bioavailability and tissue distribution of bilberry (Vaccinium

myrtillus L.) extract in rats. Journal of Agricultural and Food

Chemistry, 54, 6578–6587.
Ichiyanagi, T., Shida, Y., Rahman, M. M., Hatano, Y., & Konishi, T.

(2005a). Extended glucuronidation is another major path of cyanidin
3-O-b-D-glucopyranoside in rats. Journal of Agricultural and Food

Chemistry, 53, 7312–7319.
Ichiyanagi, T., Shida, Y., Rahman, M. M., Hatano, Y., Matsumoto, H.,

Hirayama, M., et al. (2005b). Metabolic pathway of cyanidin 3-O-b-D-
glucopyranoside in rats. Journal of Agricultural and Food Chemistry,

53, 145–150.
Ichiyanagi, T., Terahara, N., Rahman, M. M., & Konishi, T. (2006).

Gastrointestinal uptake of nasunin, acylated anthocyanin in eggplant.
Journal of Agricultural and Food Chemistry, 54, 5306–5312.

Kang, T. H., Hur, J. Y., Kim, H. B., Ryu, J. H., & Kim, S. Y. (2006).
Nuroprotective effects of the cyanidin 3-O-b-D-glucopyranoside iso-
lated from mulberry fruit against cerebral ischemia. Neuroscience

Letters, 391, 122–126.
Kay, C. D., Mazza, G., Holub, B. J., & Wang, J. (2004). Anthocyanin

metabolites in human urine and serum. British Journal of Nutrition, 91,
933–942.

Keppler, K., & Humpf, H. U. (2005). Metabolism of anthocyanins and
their phenolic degradation products by the intestinal microflora.
Bioorganic and Medicinal Chemistry, 13, 5195–5205.

Klinge, C. M., Blankenship, K. A., Risinger, K. E., Bhatnagar, S., Noisin,
E. L., Sumansekera, W. K., et al. (2005). Resveratrol and estradiol
rapidly activate MAPK signaling through estrogen receptors alpha
and beta in endothelial cells. Journal of Biological Chemistry, 280,
7460–7468.

Lambert, J. D., & Yang, C. S. (2003). Mechanisms of cancer prevention by
tea constituents. Journal of Nutrition, 133, 3262S–3267S.

Lin, Y. T., Hsiu, S. L., Hou, Y. C., Chen, H. Y., & Lee Chao, P. D. (2003).
Degradation of flavonoids aglycones by rabbit, rat and human fecal
flora. Biological and Pharmaceutical Bulletin, 26, 747–751.

Manach, C., Mazur, A., & Scalbert, A. (2005). Polyphenols and
prevention of cardiovascular diseases. Current Opinion in Lipidology,

16, 77–84.
Matsumoto, H., Inaba, H., Kishi, M., Tominaga, S., Hirayama, M., &

Tsuda, T. (2001). Orally administered delphinidin 3-rutinoside and



T. Ichiyanagi et al. / Food Chemistry 105 (2007) 1032–1039 1039
cyanidin 3-rutinoside are directly absorbed in rats and humans and
appear in the blood as the intact forms. Journal of Agricultural and

Food Chemistry, 49, 1546–1551.
Matsumoto, H., Nakamura, Y., Tachibanaki, S., Kawamura, S., &

Hirayama, M. (2003). Stimulatory effect of cyanidin 3-glycosides on
the regeneration of rhodopsin. Journal of Agricultural and Food

Chemistry, 51, 3560–3563.
Matsumoto, H., Takenami, E., Iwasaki-Kurashige, K., Osada, T.,

Katsumura, T., & Hamaoka, T. (2005). Effects of blackcurrant
anthocyanin intake on peripheral muscle circulation during typing
work in humans. European Journal of Applied Physiology, 94, 36–45.

Mazza, G., Kay, C. D., Cottrell, T., & Holub, B. J. (2002). Absorption of
anthocyanins from blueberries and serum antioxidant status in human
subjects. Journal of Agricultural and Food Chemistry, 50, 7731–7737.

Meng, X., Sang, S., Zhu, N., Lu, H., Sheng, S., Lee, M. J., et al. (2002).
Identification and characterization of methylated and ring-fission
metabolites of tea catechins formed in humans, mice and rats.
Chemical Research in Toxicology, 15, 1042–1050.

Miyazawa, T., Nakagawa, K., Kudo, M., Muraishi, K., & Someya, K.
(1999). Direct intestinal absorption of red fruit anthocyanins, cyani-
din-3-glucoside and cyanidin-3,5-diglucoside, into rats and humans.
Journal of Agricultural and Food Chemistry, 47, 1083–1091.

Nakagawa, Y., Shetlar, M. R., & Wnder, S. H. (1965). Urinary products
from quercetin in neomycin-treated rats. Biochemica et Biophysica

Acta, 97, 233–241.
Nakaishi, H., Matsumoto, H., Tominaga, S., & Hirayama, M. (2000).

Effects of black currant anthocyanoside intake on dark adaptation and
VDT work-induced transient refractive alteration in healthy humans.
Alternative Medicine Review, 5, 553–562.

Ono, K., Hasegawa, K., Naiki, H., & Yamada, M. (2004). Anti-
amyloidogenic activity of tannic acid and its activity to destabilize
Alzheimer’s beta-amyloid fibrils in vitro. Biochimica et Biophysica

Acta, 1690, 193–202.
Perez-Vicente, A., Gil-Izquierdo, A., & Garcia-Viguera, C. (2002). In vitro
gastroinetestinal digestion study of pomegranate juice phenolic com-
pounds, anthocyains, and vitamin C. Journal of Agricultural and Food

Chemistry, 50, 2308–2312.
Rahman, M. M., Ichiyanagi, T., Hatano, Y., Komiyama, T., & Konishi,

T. (2006). Superoxide radical- and peroxynitrite-scavenging activity of
anthocyanins; structure–activity relationship and their synergism. Free

Radical Research, 40, 993–1002.
Slimestad, R., & Solheim, H. (2002). Anthocyanins from black currants

(Ribes nigrum L.). Journal of Agricultural and Food Chemistry, 50,
3228–3231.

Talavera, S., Felgines, C., Texier, O., Besson, C., Gil-Izquierdo, A.,
Lamaison, J. L., et al. (2005). Anthocyanin metabolism in rats and
their distribution to digestive area, kidney, and brain. Journal of

Agricultural and Food Chemistry, 53, 3902–3908.
Terahara, N., Shimizu, T., Kato, Y., Nakamura, M., Maitani, T.,

Yamaguchi, M., et al. (1999). Six di-acylated anthocyanins from the
storage roots of purple sweet potato, Ipomoea batatas. Bioscience

Biotechnology and Biochemistry, 63, 1420–1424.
Tsuda, T., Horio, F., & Osawa, T. (1999). Absorption and

metabolism of cyanidin 3-O-b-D-glucoside in rats. FEBS Letters,

449, 179–182.
Winter, J., Moore, L. H., Dowell, V. R., & Bokkenheuser, V. D. (1989). C-

ring cleavage of flavonoids by human intestinal bacteria. Applied and

Environment Microbiology, 55, 1203–1208.
Wu, X., Beecher, G. R., Holden, J. M., Haytowitz, D. B., Gebhardt, S. E.,

& Prior, R. L. (2006). Concentrations of anthocyanins in common
foods in the United States and estimation of normal consumption.
Journal of Agricultural and Food Chemistry, 54, 4069–4075.

Wu, X., Pittman, H. E., & Prior, RL. (2006). Fate of anthocyanins and
antioxidant capacity in contents of the gastrointestinal tract of
weanling pigs following black raspberry consumption. Journal of

Agricultural and Food Chemistry, 54, 583–589.


	Protocatechuic acid is not the major metabolite in rat blood plasma after oral administration of cyanidin 3-O- beta -d-glucopyranoside
	Introduction
	Materials and methods
	Chemicals
	Quantification of plasma protocatechuic acid by previous method
	Animals and diets
	Experimental design and plasma preparation
	Determination of Cy3G in blood plasma
	Determination of PCA in blood plasma

	Results
	Discussion
	Acknowledgement
	References


