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a  b  s  t  r  a  c  t

Protocatechuic  acid  (PCA),  a major  microbial-mediated  metabolite  of  anthocyanins,  has  significant  anti-
oxidative  and  anti-carcinogenic  activities  in  vitro  and  in vivo;  however,  its  pharmacokinetics  remains
largely  unknown.  In  this  report,  a sensitive  and  rapid  LC–MS/MS  method  was  developed  and  validated
for  the  measurement  of  PCA  concentrations  in both  mouse  and  human  plasma.  This  method  showed
a  linearity  of  1–1000  ng/mL  in  both  mouse  and  human  plasma  with  a lower  limit  of quantification  of
1  ng/mL.  The  within-day  and  between-day  coefficient  of  variation  ranged  from  1.18  to  11.8%  and  accuracy
from  92 to 110%.  The  method  was  applied  to characterize  the  pharmacokinetics  of PCA in  mice  after  oral
administration  of 50 mg/kg  PCA.  PCA  was  absorbed  rapidly  with  a  half-life  of 2.9  min,  reached  a peak
plasma  level  (Cmax) of  73.6  �M at 5  min,  and  remained  detectable  up to 8  h with  the  initial  elimination

half-life  of about  3 min  and  a terminal  half-life  of  16  min.  The  area  under  the  plasma  concentration–time
curve (AUC0→8  h) of  PCA was  1456  �M min.  The  method  was capable  of  detecting  low  ng/mL  quantities
of PCA  in  the  plasma  of  patients  with  prostate  cancer  after  an oral  ingestion  of 60  g of black  raspberry
(BRB)  powder.  Because  PCA  is  derived  from  the  anthocyanins  in BRB,  our  method  provides  a useful
analytical  tool  to further  investigate  the  metabolism  of  anthocyanins,  and  the  pharmacology  of  PCA in
future  pre-clinical  and  clinical  studies.
. Introduction

Protocatechuic acid (PCA; 3,4-dihydroxybenzoic acid) is a
henolic compound ubiquitously present in many fruits, nuts, veg-

tables, grains, plant-derived beverages, white grape wine, and
arious medicinal plants including the Chinese herbal medicines:
alvia miltiorrhiza (Danshen) and Hibiscus sabdariffa L. [1–7].

Abbreviations: PCA, protocatechuic acid; NHBC, 3-nitro-4-hydroxybenzoic
cid; BRB, black raspberry; ACN, acetonitrile; FA, Formic acid; QC, quality
ontrol; LLOQ, lower limit of quantification; HPLC, high performance liquid
hromatography; LC–MS, liquid chromatography–mass spectrometry; GC–MS,
as chromatography–mass spectrometry; LC–CE, liquid chromatography–capillary
lectrophoresis; LC–UV, liquid chromatography–ultraviolet; MRM,  multiple reac-
ion monitor; XIC, extracted ion chromatogram; ESI, electro-spray ionization; CID,
ollision induced dissociation.
∗ Corresponding author at: College of Pharmacy, The Ohio State University,
olumbus, OH 43210, United States. Tel.: +1 614 688 5527; fax: +1 614 292 7766.

E-mail address: liu.550@osu.edu (Z. Liu).

570-0232/$ – see front matter. Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.jchromb.2012.09.032
Published by Elsevier B.V.

Recently, PCA was found to be the major stable metabolite of antho-
cyanins found abundantly in vegetables and fruits [8,9].

Investigations of the functions of PCA have focused primarily on
its anti-oxidant activities or the suppression of tumor cell prolifer-
ation [10]. PCA elicits anti-proliferative and pro-apoptotic effects in
cancer cells [3,11],  and retards the invasive and metastatic capac-
ity of tumor cells in a mouse model [10]. PCA inhibits chemically
induced carcinogenesis in the liver, colon, oral cavity, glandular
stomach, urinary bladder, pancreas, and skin of rodents due, in part,
to its ability to scavenge free radicals [4,12,13]. For example, PCA
(1000 ppm) fortified diets elicit potent chemo-preventive effects
on colon and oral carcinogenesis in rats [14]. PCA is also a potent
anti-diabetic and anti-glycation agent via its ability to lower plasma
glucose and increase plasma insulin levels [5].

The pharmacokinetics (PK) of PCA has not been well charac-

terized. The major analytical methods developed to investigate
the plasma PK of PCA include LC–CE, LC–UV, GC–MS and LC–MS
[1,15–19]. Recently, LC–MS/MS methods have been used for
PCA analysis in black raspberries and some biological matrices

dx.doi.org/10.1016/j.jchromb.2012.09.032
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:liu.550@osu.edu
dx.doi.org/10.1016/j.jchromb.2012.09.032
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ncluding rat plasma and GI tract contents [20]. These methods,
owever, have not been strictly validated. We,  therefore, devel-
ped and validated a simple and rapid LC–MS/MS method for the
uantification of PCA in human and mouse plasma. In the present
eport, we describe the use of this method to study the pharma-
okinetics of PCA in the mouse and to detect PCA in the plasma of
rostate cancer patients following oral ingestion of black raspberry
BRB) and their component-anthocyanins.

. Materials and methods

.1. Reagents and chemicals

Protocatechuic acid (PCA, ≥97%) and 3-nitro-4-hydroxybenzoic
cid (NHBC, 98%) were purchased from Sigma–Aldrich Chemical
o. (Milwaukee, WI)  and used without further purification. Analyt-

cal HPLC grade acetonitrile (ACN), ethyl acetate and formic acid
FA) were obtained from Fisher Scientific (Waltham, MA). Heparin-
reated human plasma was obtained from the Red Cross (Columbus,
H). Heparin-treated mouse plasma was purchased from LAMPIRE
iological Laboratories, Inc. (Pipersville, PA). A Barnstead E-pure
ater purification system (Dubuque, IA) was used to obtain HPLC

rade water (>18 m�).

.2. Preparation of calibration standards and quality controls for
C–MS/MS analysis

NHBC, a phenolic acid with a similar structure to PCA, was
elected as the internal standard (I.S.). Stock solutions (1 mg/mL)
f PCA and the I.S. were prepared in ACN and stored in a −80 ◦C
reezer. Ten standard working solutions with concentrations ran-
ing from 10 to 10,000 ng/mL were prepared by dilution with 50%
CN water solution (v/v) containing 0.2% FA (v/v). For construction
f the calibration curve, 10 �L of appropriately diluted standard
orking solutions and 10 �L I.S. (10 �g/mL, final concentration of

000 ng/mL in the reconstitution sample) were spiked into 100 �L
uman or mouse plasma, and the mixture was acidified by adding

 �L FA. Quality controls (QCs) were prepared using 1, 5, 50 and
00 ng/mL concentrations. After acidification, the samples were
xtracted with 1.0 mL  ethyl acetate on a mechanical shaker for
5 min, and then centrifuged at 12,000 rpm for 1 min, and the ethyl
cetate layer collected and evaporated to dryness under a stream of
itrogen. The residue was reconstituted in 100 �L of 50% ACN water
olution (v/v) containing 0.2% FA (v/v). The reconstituted solution
as centrifuged at 12,000 rpm for 2 min, and a 25 �L aliquot of the

upernatant was analyzed using LC–MS/MS.

.3. Determination of PCA in human and mouse plasma by
C–MS/MS

A 100 �L aliquot of human or mouse plasma was mixed with
0 �L I.S. and the mixture was acidified and extracted according to
he protocol described in Section 2.2.  Finally, an aliquot of 25 �L
econstituted solutions was injected for LC–MS/MS analysis under
he condition described in Section 2.7.

.4. Stability of PCA in various matrices

.4.1. Stability of PCA in human and mouse plasma

PCA (0.5 and 5.0 �g/mL) was incubated in human or mouse

lasma in a 37 ◦C water bath. At designated time points, 100 �L
lasma samples were drawn and stored at −80 ◦C. PCA concentra-
ions were determined by the LC–MS/MS method as in Section 2.3.
r. B 908 (2012) 39– 44

2.4.2. Stability of PCA in storage solution
The freshly prepared PCA stock solution (1 mg/mL) and the

stored PCA solution (1 mg/mL) were diluted to 500 ng/mL with
1000 ng/mL I.S. The PCA content in these two  sets of samples (in six
replicates) was compared by the LC–MS/MS method as in Section
2.3.

2.4.3. Freeze–thaw stability of PCA in human and mouse plasma
PCA solution was spiked into human or mouse plasma to make

5, 50 and 500 ng/mL concentration in triplicates and then stored in
a −80 ◦C freezer. These samples were exposed to three sequential
freeze–thaw cycles prior to sample analysis. During each cycle, the
samples were thawed at 4 ◦C for approximately 60 min and were
restored at −80 ◦C for the next freezing cycle at 6 h intervals. The
PCA concentrations in plasma were determined by the LC–MS/MS
method as described in Section 2.3.

2.4.4. Short-term storage stability of PCA in mouse plasma
2-Week stability of PCA in mouse plasma stored at −80 ◦C was

tested. PCA solution was spiked into mouse plasma to make 50,
500 and 5000 ng/mL concentrations in triplicates and then stored
in a −80 ◦C freezer. On day 15, the PCA concentrations in these
mouse plasma samples were determined by the LC–MS/MS method
as described in Section 2.3.

2.5. Recovery and matrix effects

A post-extraction spike experiment was performed to evalu-
ate the recovery and matrix effects of the I.S. and PCA in human
and mouse plasma following extraction with ethyl acetate. Three
separate groups of PCA samples at concentrations of 5, 50 and
500 ng/mL and I.S. at 1000 ng/mL were prepared as follows: Group
A, I.S. and PCA were prepared directly in 50% ACN water solution
(v/v) containing 0.2% FA (v/v); Group B, I.S. and PCA were spiked
into reconstituted extract of blank human or mouse plasma; and
Group C, PCA was  spiked into mouse or human plasma followed by
acidification, extraction and reconstitution according to the proto-
col described in Section 2.2. The recovery of PCA was  calculated by
the ratio of peak areas of PCA in Group C samples to the correspond-
ing Group B samples. Matrix effects of PCA were evaluated by the
ratio of peak areas of Group B samples to that of Group A samples.

2.6. LC–MS/MS assay validation

The intra-day validation for both human and mouse plasma
samples was  determined in six replicates at concentrations of 1,
5, 50 and 500 ng/mL, and the inter-day validation was  determined
across these concentrations in triplicates in three different days.
Calibration curves were fitted by a linear regression without a
weighting factor. The mean concentrations and the coefficients
of variation (CVs) were calculated as the relative standard devia-
tion from the replicates. The accuracy of the assay was determined
by comparing the calculated mean concentrations with the corre-
sponding nominal concentrations. The lower limit of quantification
(LLOQ) was  defined as the lowest concentration in the calibration
curve that back-calculates with good accuracy (80–120%) and pre-
cision (CV ≤ 20), and the signal/noise ratio of the analyte peak was
greater than 10.

2.7. HPLC chromatographic and mass spectrometric conditions

Liquid chromatography was performed using a Shimadzu HPLC

system (Shimadzu, Columbia, MD)  consisting of a SCL-10Avp
system controller, two LC-10ADvp pumps, a SIL-10ADvp auto-
sampler, and a degasser. PCA and the I.S. were separated on an
Aquasil C18 column (2.1 mm × 250 mm,  5 �m particle size, Thermo
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Table  1
Intra- and inter-day validation parameters of PCA in human and mouse plasma.

PCA (ng/mL) Intra-day (n = 6) Inter-day (n = 3)

Mean Accuracy (%) C.V. (%) Mean Accuracy (%) C.V. (%)

A. Human plasma
1  1.02 102.00 6.60 1.05 105.27 3.77
5  5.09 101.71 1.18 5.01 100.30 4.64

50 46.07  92.04 2.76 46.46 92.92 5.65
500 524.77  104.95 3.83 549.15 109.83 3.60
B.  Mouse plasma

1 0.98 97.85 4.13 0.97 96.77 6.40
5.10
7.77
6.21
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5  5.23 104.54 

50  53.65 107.30 

500 537.33  107.47 

ypersil-Keystone, Bellefonte, PA) coupled with a Beta C18 guard
olumn (2.1 mm × 10 mm,  2 �m,  Thermo Hypersil-Keystone, Belle-
onte, PA) under isocratic elution at a flow rate of 0.2 mL/min. The

obile phase consisted of 35% ACN in deionized water (v/v) con-
aining 0.2% FA (v/v).

PCA and the I.S. were monitored using a Sciex API3000 triple
uadrupole mass spectrometer (Applied Biosystems/MDS Sciex,
oster City, CA) equipped with an electro-spray ionization (ESI)
ource. The mass spectrometer was operated in negative ESI mode,
t an electro-spray needle voltage of 3800 V, a nebulizer gas flow
f 15, a curtain gas flow of 8 and a heated capillary temperature of
50 ◦C. PCA and the I.S. were analyzed by multiple reaction monitor
MRM)  mode using ion transitions at proper collision energy (CE)
s follows: PCA m/z 153 > m/z 109 (E = 22%) and I.S. m/z 182 > m/z
38 (E = 17%). The mass spectrometer was tuned to its optimal sen-
itivity by direct infusion of PCA. The data acquisition and peak
ntegration were performed using Analyst software (1.4).

.8. Pharmacokinetics of PCA in mice

4–6 week-old CF-1 female mice (∼25 g) were obtained from
harles River Laboratories, Wilmington, MA.  All the mice were
oused in The Ohio State University Animal Research Facility under
limate-controlled environment with a 12 h light/dark cycle. Mice
ere allowed free access to food pellets and water. Procedures for
andling the mice were in compliance with policies of The Ohio
tate University Laboratory Animal Resources (ULAR) which adhere
o the guidelines described in “Principles of Laboratory Animal
are” by National Institutes of Health. The mice were randomly
ivided into ten groups with six mice in each group. They were
asted overnight for 12 h before experiment with free access to
ater.

Approximately 250 �L (adjusted by body weight) of water solu-
ion of PCA (5 mg/mL) was administered to each mouse by oral
avage resulting in a dose of 50 mg/kg PCA. Blood was collected
y cardiac puncture under CO2 anesthesia at 2, 5, 10, 20, 30 and
5 min  and at 1, 2, 4 and 8 h after dosing. Blood samples in hep-
rinized vials were centrifuged at 1000 × g for 3 min  in a 4 ◦C
icro-centrifuge and the supernatant were collected and immedi-

tely frozen on dry-ice. And then the samples were stored at −80 ◦C
ntil analysis. PCA levels in mouse plasma were measured using the
forementioned LC–MS/MS assay. Plasma concentration–time data
ere analyzed using WinNonlin computer software (Pharsight 5.0,
ountain View, CA) Table 1.

.9. Quantification of PCA in plasma samples collected from
atients with prostate cancer after an oral ingestion of BRB

owder

Patients with a histologically confirmed diagnosis of prostate
denocarcinoma each received freeze-dried BRB, 20 g orally in
 5.09 101.71 2.39
 49.95 99.91 11.80
 521.51 104.30 5.65

100 mL  water, three times per day (total = 60 g/day) for a period
of 21 days. The BRB were consumed at least one half hour after
meals. Ten-mL blood samples were collected prior to the initiation
of BRB treatment and within 6–12 h after the three-week course of
BRB treatment, and prior to prostatectomy. Blood was collected in
K2 EDTA tubes, placed on ice, and then centrifuged at 1875 × g for
10 min  at 4 ◦C. Plasma was  separated and maintained on ice, pro-
tected from light, and stored at −80 ◦C until assayed for PCA analysis
according to the extraction and LC–MS/MS protocol detailed in Sec-
tions 2.2 and 2.3.

3. Results and discussion

3.1. LC–MS/MS analysis of PCA and I.S.

To acquire mass spectra, PCA or the I.S. stock solutions were
added to 50% ACN water solution (v/v) plus 0.2% FA (v/v), each at a
concentration of 10 �g/mL, and sample was  infused with an LC flow
of 0.2 mL/min into the mass spectrometer. Due to poor ionization of
PCA in positive mode, the mass spectrum scan was set under nega-
tive ESI mode. The full scan mass spectrum (Fig. 1A) of PCA showed
an ion of m/z 153, corresponding to its deprotonated molecular ion
[M−H]−. The [M−H]− ion of PCA was subjected to collision induced
dissociation (CID) and a fragment ion at m/z  109, 44 Dalton less than
its parent ion, was  observed (Fig. 1B). This ion is probably formed
from the loss of a CO2 from the carboxylic acid (Fig. 1A inset). Col-
lision energies were optimized for PCA to obtain the most intense
fragment ion of m/z 109. The following MRM  transition channel:
m/z 153 → 109 was  selected to monitor PCA according to its mass
and CID spectra. Similarly, the full scan mass spectrum (Fig. 1C) of
the I.S. showed an ion of m/z 182, corresponding to its deproto-
nated molecular ion [M−H]−, and the CID spectrum of the [M−H]−

ion yielded a fragment ion at m/z 138, 44 Dalton less than its par-
ent ion, as shown in Fig. 1D. The MRM  transition channel of m/z
182 → 138 was therefore selected to monitor the I.S.

3.2. Extraction, matrix effect, recovery yield and HPLC conditions
for the separation of PCA from the I.S. and endogenous
interferences in mouse and human plasma

In our earlier studies, PCA was extracted from biological matri-
ces either by protein precipitation or liquid–liquid extraction using
ethyl acetate. Normally, liquid–liquid extraction provides cleaner
matrices for LC–MS/MS analysis. However, our initial analysis
showed that liquid–liquid extraction of plasma samples at neu-
tral pH yielded low recovery for both PCA and the I.S., which may
have been due to their existence as a salt. We  expected therefore

that acidification of the mouse and human plasma may  improve
the recovery rate of both PCA and the I.S. To ensure compatible
conditions for LC–MS/MS analysis, and to avoid potential chloride
interference, FA was used to acidify the samples to pH 2. At pH
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Table 2
Matrix and recovery effects of PCA and the I.S. in mouse or human plasma.

Mouse plasma (n = 3) Human plasma (n = 3)

Matrix effect (Mean ± SD) Recovery (Mean ± SD) Matrix effect (Mean ± SD) Recovery (Mean ± SD)

PCA (ng/mL)
5 99.7 ± 4.0 76.3 ± 14.1 69.9 ± 1.1 82.2 ± 2.7

50  111.4 ± 6.6 82.4 ± 1.1 72.4 ± 1.0 75.8 ± 12.1
500 93.8 ±  2.8 77.6 ± 14.8 86.7 ± 2.4 75.7 ± 2.6
I.S.  (ng/mL)

5 97.4 ± 4.5 95.6 ± 5.7 

50  114.4 ± 1.9 90.6 ± 2.5 

500  125.4 ± 3.6 90.3 ± 2.3 

50  60  70  80  90 10 0 11 0 12 0 13 0 14 0 15 0 16 0 17 0 18 0 19 0 200 

181.9  

50  60  70  80  90 10 0 11 0 12 0 13 0 14 0 15 0 16 0 17 0 18 0 19 0 20 0 

137.9  

181.9  

OH

O2N

OO

182

138

C 

D 

m/z  

110 12 0 13 0 14 0 15 0 16 0 17 0 18 0 19 0 20 0 

152.9  

50  60  70  80  90 10 0 11 0 12 0 13 0 14 0 15 0 16 0 17 0 18 0 19 0 20 0 

m/z  

108.9  

152.9  

OH

HO

OO

153

109

A

B

Fig. 1. Mass spectra of protocatechuic acid (PCA) and 3-nitro-4-hydroxybenzoic
acid (NHBC): the average 1-min full mass spectra of 10 �g/mL PCA (A) and 10 �g/mL
NHBC (C) in 50% ACN/0.2% FA (v/v) showed base ions at m/z 152.9 and 181.9, respec-
tively, corresponding to their deprotonated molecular ions [M−H]−; the average
1-min product ion spectra of ions of m/z 152.9 and 181.9 showed base ions at m/z
108.9 (B) and 137.9 (D), respectively, which may  be generated by a neutral loss of
a  CO2 from PCA or NHBC, respectively. Insets: structures of PCA (A), NHBC (C), and
their putative fragments.
107.5 ± 3.9 93.1 ± 5.4
100.6 ± 2.2 94.5 ± 1.4

96.2 ± 0.4 95.3 ± 1.2

2 most of the PCA and the I.S. should exist in non-ionic form in
plasma and be more readily extractable to organic phases. Using
these conditions, matrix effects and extraction recoveries for PCA at
concentrations of 5, 50 and 500 ng/mL in mouse and human plasma
were evaluated. Matrix effects and recovery of PCA in mouse plasma
were 100–111% and 76–82%, respectively (Table 2). Similar values
for matrix effects and recovery were obtained for PCA in human
plasma samples (Table 2).

An Aquasil C18 column (2.1 mm × 250 mm with 5 �m particle
size) was  selected to separate PCA from the I.S. and the endogenous
interferences (mainly isobars of PCA) in mouse and human plasma
under the LC conditions as described in Section 2.7.  As shown in
Fig. 2, there was  a single peak at about 7.0 min  in the extracted
ion chromatogram (XIC) in blank human plasma (Fig. 2A-1) and
in blank mouse plasma (Fig. 2C-1) via channel of m/z 153 → 109
(PCA), but no peak observed in the XICs of either mouse or human
plasma via channel of m/z 182 → 138 (I.S.) (Fig. 2B-1 and D-1). The
XIC of human plasma spiked with 1 ng/mL PCA (Fig. 2A-2) showed
one small peak with a retention time of 4.2 min, fortunately, which
is baseline separated from the interference peak at 7.0 min, with
a shoulder peak at approx. 5.5 min  adjacent to the 7.0-min peak.
There is a single peak at 8.9 min  in the XIC of the I.S. (1000 ng/mL)
in both human and mouse plasma. These results indicate that this
LC method is capable of separating PCA from the I.S. and the endoge-
nous interferences from mouse and human plasma with a retention
time of 4.2 min  (Fig. 2B-2 and D-2). The retention times of PCA and
the I.S. are consistent with their hydrophobicity. There was no sig-
nificant carry-over observed in the concentrations of calibration
standards in both human and mouse plasma.

3.3. Method validation

Using the above-described LC–MS/MS conditions, the linearity
of the method was  evaluated at 1, 2, 5, 10, 20, 50, 100, 200, 500 and
1000 ng/mL PCA with the linear coefficient of determination >0.999
in both human and mouse plasma. The method was then validated
for intra-day (six replicates) and inter-day (three replicates) varia-
tions using PCA at plasma concentrations of 1, 5, 50 and 500 ng/mL.
The validation parameters-accuracies and coefficients of variation
in both human and mouse plasma are listed in Table 1. As shown
in Table 1, these within and between-day validation parameters
meet the FDA criteria for accuracy and precision for a validated
bioanalytical method [21].

3.4. Stability of PCA in various matrices

The stability of PCA in human and mouse plasma at concen-
trations of 0.5 and 5.0 �g/mL was  investigated at 0, 30 min  and at
1, 2, 4, 8 and 24 h at 37 ◦C. PCA was found to be stable in human

plasma during 24-h incubation. In mouse plasma, however, PCA
decomposed rapidly with a half-life of 90 min  and 314 min  at 0.5
and 5.0 �g/mL, respectively (Fig. 3). The stability of PCA was  further
investigated in human and mouse plasma during three freeze–thaw
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Fig. 2. The extracted ion chromatograms (XIC) of PCA and the internal standard (I.S.): the XICs of PCA (A-1) and the I.S. (B-1) of the extraction residue from blank human
plasma and human plasma spiked with 1 ng/mL PCA (A-2), 1000 ng/mL I.S. (B-2) and the XICs of PCA (A-3) from a human plasma sample collected from a patient with prostate
c  and the I.S. (D-1) of the extraction residue from blank mouse plasma and mouse plasma
s  a mouse plasma sample collected from a mouse after an oral administration of 50 mg/kg
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Table 3
Pharmacokinetic parameters of PCA in mice (n = 6) after oral administration of
50  mg/kg PCA.

Parameters (units)

AUC (min �M)  1456
K01 HL (min) 2.8
K10 HL (min) 5.84
˛ (1/min) 0.24
ˇ  (1/min) 0.043
t1/2˛ (min) 2.93
t1/2ˇ (min) 15.96
A  (�M) 3011.8
B  (�M) 46.8
CL F (mL/min) 4.46
V2 F (mL) 32.4
CLD2 F (mL/min) 2.81
ancer  with oral ingestion of BRB; the extracted ionic chromatograms of PCA (C-1),
piked  with 1 ng/mL PCA (C-2), 1000 ng/mL I.S. (D-2) and the XICs of PCA (C-3) from
CA  aqueous solution.

ycles. The results showed that PCA was stable in both human and
ouse plasma samples going through three freeze–thaw cycles.

he PCA degradation was less than 15% at concentrations of 5, 50
nd 500 ng/mL. A short-term stability test of PCA in mouse plasma
as also performed. After 14-day storage at −80 ◦C, the PCA con-

ent in stored samples was determined to be from 93 to 109%
ompared to freshly prepared samples in concentration range of
0–5000 ng/mL. The results indicated that PCA was  stable at −80 ◦C
or short-term storage. PCA was found very stable in stock solu-
ion, no degradation was observed in the PCA stock which has been
tored for longer than six months at −80 ◦C.

.5. Pharmacokinetic analysis of orally administered PCA solution

To determine the pharmacokinetics of PCA in mice, an aqueous
olution (5 mg/mL  in deionized water) was administrated to CF-1
ice at an oral dose of 50 mg/kg. This dose was  evaluated because

revious studies showed that 500 ppm and 1000 ppm PCA fortified
iet can prevent colon tumor formation without adverse effects

n AOM-treated rats in a dose dependent manner at the initiat-
ng stage. These doses correspond to 50 and 100 mg/kg daily PCA
ssuming that a 200 g rat can consume 20 g diet daily. As shown in
ig. 4, the profile of time and plasma concentration of PCA following
ral administration (n = 6 for each time point) indicates that PCA is
bsorbed rapidly with the mean time (Tmax = 4.87 min) to reach the
eak level (Cmax = 73.6 �M)  of PCA followed by a two-phase elim-
nation. The pharmacokinetic parameters of PCA in mouse plasma
ere calculated using a two-compartmental mode in WinNonlin

oftware and these parameters are listed in Table 3. The absorp-
ion half-life (K01-HL) of PCA is 2.9 min  and the area under the
Tmax (min) 4.87
Cmax (�M) 73.6

curve (AUC0→8 h) of PCA is 1456 �M min. The distribution half-life
(t1/2˛) of PCA is 2.9 min  and the terminal half-life (t1/2ˇ) is 16.0 min.
The volume distribution (V2-F) is about 32.6 mL  and the clearance
(CL-F) of PCA is about 4.46 mL/min. Notably, PCA can reach a Cmax

of 73.6 �M,  suggesting that a biologically effective plasma level of
PCA can be reached in mice following oral administration [1,10].

3.6. Detection PCA in human plasma from patients with prostate
cancer after an oral ingestion of 60 g of BRB powder
Recently, PCA has been found to be a major metabolite of
the anthocyanins [22]. In addition, the PCA plasma level in
healthy volunteers accounted for more than 30% of orally ingested
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Fig. 3. The stability of PCA in mouse plasma (A) and human plasma (B): PCA (0.5
and  5 �g/mL) was incubated in mouse plasma or human plasma at 37 ◦C and PCA
content was determined by the LC–MS/MS method.
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t  a dose of 50 mg/kg PCA aqueous solution (n = 6).

nthocyanins from blood orange [8,9]. However, there are no
eports on the plasma level of PCA in humans after oral
dministration of BRB powder containing high concentrations of
nthocyanins. Therefore, using the method described above, we

easured PCA levels in plasma samples collected from patients
ith prostate cancer after continuous oral administration of 60 g
RB powder/day for 21 days. Plasma samples from five patients

[

[

r. B 908 (2012) 39– 44

were obtained prior to and after ingestion of BRB. PCA with a
mean concentration of 3.90 ng/mL was detected in plasma sam-
ples five out of five patients ingested with 60 g BRB. This result
demonstrated that our method can detect relatively low concen-
tration of PCA in human plasma samples. Therefore, this method
will provide a useful analytical tool for further evaluation the in vivo
conversion of BRB anthocyanins to PCA in preclinical and clinical
studies.

4. Conclusion

A  sensitive and rapid LC–tandem MS  method for quantifica-
tion of PCA with an LLOQ of 1.0 ng/mL was  developed and fully
validated in human and mouse plasma. The method has been
successfully applied to evaluate the stability of PCA in mouse and
human plasma, to study the pharmacokinetics of PCA in mouse,
and to measure the plasma level of PCA in patients with prostate
cancer after oral ingestion of 60 g BRB. PCA is stable in human
plasma up to 24 h. In contrast, PCA decomposed rapidly in mouse
plasma in a dose dependent manner. Oral ingestion of 50 mg/kg
PCA aqueous solution can deliver in vivo pharmacological effective
concentration of PCA at 5 min, possible through gastric absorption.
Notably, low ng/mL of PCA was  detected in human plasma from
patients with prostate cancer after an oral ingestion BRB. Therefore,
this method provides a useful analytical tool for future pre-clinical
and clinical pharmacological studies of PCA or anthocyanin-
derived PCA from BRB or other anthocyanin-containing
products.
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