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and Sherry A. E. Fillmorea

While in vitro and animal evidence supports a role for anthocyanins in human health, future opportunities

in berry health benefits will rest upon evidence from clinical intervention trials. Because little is known

about the behaviour of anthocyanins during long term intake in humans, several clinical design factors were

examined. Urine from volunteers (n = 17) who consumed blueberry juice daily was analysed using LC-MS/

MS for predicted flavonoid-based products of anthocyanins in relation to a 5-day anthocyanin-free run-in,

28 days of blueberry juice intake, a 7-day washout and two dosing regimens. Total and parent anthocyanin

content in urine varied 10-fold among the 17 participants. A high 24–0 h total anthocyanin excretion was

associated with high anthocyanin retention (i.e. 0 h, before blueberry juice intake). Total anthocyanin

excretion was not different before and after up to 7 days of washout indicative of a slow release of anthocya-

nins. Urinary excretion of anthocyanins declined during the 36-day study. The 24–0 h excretion was greater

for total anthocyanins but not for parent anthocyanins when daily blueberry juice was taken all at once

rather than as 1
3 doses taken thrice daily. However parent anthocyanins were retained better (higher 0 h) with

1× dosing. These findings could aid in the design of clinical research on anthocyanins and health.

1. Introduction

Anthocyanin (Anc) pigments are associated with human health
benefits based on a growing body of evidence (for review see
ref. 1). Anc compounds are most abundant in berries that have
red, purple or blue coloration. Blueberries (Vaccinium sp. ) are
one of the richest common food sources of Anc.2 Compelling
evidence of Anc health benefits comes from the epidemiologi-
cal association between Anc intake and protection against dia-
betes3 and in the promotion of cardiovascular4–6 and neuro-
logical health.7 These associations are observed in highly
diverse, well-nourished western populations where Anc con-
taining foods are widely available.

Although epidemiological evidence supports Anc health
benefits, it has been difficult to integrate evidence obtained
from in vitro, in vivo and clinical research due in part to the
poor in vivo bioavailability of food forms of Anc i.e. parent Anc.
Parent Anc levels in vivo are substantially lower than levels
used in vitro.1 The low level of parent Anc in vivo is due to
fission of the C ring of the Anc flavonoid structure. Further
metabolism after ring fission leads to an abundance of pheno-

lic acids and aldehydes that are thought to contribute to the
health benefits of ingested Anc.8–10

In a recent clinical study that tracked flavonoid-based
metabolites of Anc during long term blueberry juice intake a
pool of >350 parent and Anc metabolites was detected with
MS/MS.11,12 Of this total, approximately 50 Anc-based com-
pounds made up about 80% of the total daily nanomoles
excreted in urine.12 The study showed that flavonoid-based
products are well-retained in vivo and remain abundant in
urine due to their enterohepatic circulation.11 Enterohepatic
circulation is characterized by modified pharmacokinetics
involving delayed clearance, multiple peaks in excretion, a
longer half-life and increased plasma exposure.13

Anc metabolites were present in a 20-fold excess compared
to parent Anc and when counted, raised bioavailability esti-
mates to about 1.0% of the dose. In contrast 13C-labelled phe-
nolic moieties arising from 13C cyanidin 3-glucoside were in
about a 50-fold excess to cyanidin 3-glucoside in urine.14

One report from the same study characterized urinary Anc
on the first day of the study11 while a second report character-
ized the pool of 371 Anc products for all collection dates com-
bined.12 The present report describes the behaviour of urinary
Anc with respect to design factors, namely dosing regimen,
intake duration as well as Anc-free run-in and washout, and
inter-individual variation over the 36 day study. The objective
of the study was to characterize the impact of study design
factors in human research using berry Anc.
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2. Materials and methods
2.1. Recruitment and dietary compliance

The study complied with all institutional and national guide-
lines, as per the Canadian Research Tri-Council Policy
Statement: Ethical Conduct for Research Involving Humans
(TCPS 2 2014). The protocol was approved by Agriculture and
Agri-Food Canada Human Research Ethics Committee and the
study was registered at clinicaltrials.gov (NCT01789359). After
obtaining written informed consent, seventeen healthy volun-
teers (age 24–60, 13 women and 4 men) were enrolled in the
randomized study. Using self-reporting questionnaires
throughout the study, volunteers were encouraged to report
their intake of non-prescribed Acn-foods or their deviations
from the prescribed blueberry juice (BJ) intake.

2.2. Study design

No Acn-containing foods were consumed by the 17 volunteers
for 5-days prior to the start of the study. Then for 28 days,
250 mL commercially-available single-strength wild blueberry
juice (Van Dyks Health Juice Products Limited, NS Canada)
containing 216 mg (448 μmol) cyanidin 3-glucoside equi-
valents was consumed daily. Wild blueberries (Vaccinium
angustifolium Aiton) contain a particularly complex profile of
±30 parent Anc, however they lack pelargonidin-based Anc.15

Assignment of volunteers to the two dosing regimens was
balanced based on their reported intake of Anc in a pre-trial
questionnaire.11 In one group nine individuals took the
250 mL volume of BJ at one time (denoted 1×), before 10:00 in
the morning. In the second group eight individuals took 1

3 of
this dose (83 mL) thrice daily (denoted 3*13×). The last 83 mL
dose was taken no later than 17:00 in the afternoon. A 7-day
washout took place between day 29 and 35 and on the 36th day
a final BJ dose was taken (Fig. 1).

Volunteers carried out 24 h urine collections on days 0, 7,
14, 28 and on day 36, after washout. This protocol yielded 662
individual urine samples with an average of eight voids per
day per person. Methods employed for urine sample collection
and storage have been described by Kalt et al.11

2.3. Urine sample preparation and HPLC-ESI-MS/MS analysis

Solid phase extraction of urine was carried out using Oasis
HLB (30 μm) 2 mg cartridges (Waters, Ltd) exactly as described
by Kalt et al.11 HPLC-ESI-MS/MS analysis of urine samples
after solid phase extraction was carried exactly as described by
Kalt et al.11 using multiple reaction monitoring to detect 18
parent Anc and 41 predicted Anc metabolites (Table 1). A
sample chromatogram from this study is shown in ref. 12. The
18 parent Anc were identified in urine by their MS/MS and a
retention time (RT) that matched the pure Anc standard. The
41 MS/MS transitions for predicted flavonoid-based C6–C3–
C6 metabolites from parent Anc were detected by their parent
mass, their major aglycone mass and their RT. Except for the
18 parent Anc each MS/MS × RT was designated as an Anc
metabolite (Table 1).

2.4. Statistical analysis

MS/MS signal calibration and handling of calibrated data was
as described by Kalt et al.11 MS/MS signals were integrated
using MultiQuant software (AB-SCIEX, Toronto, ON) and

Fig. 1 Schematic outline of anthocyanin bioavailability clinical trial with
17 volunteers.

Table 1 Summary of mass transitions (MRM) scanned. Among the 60 MRM were 18 parent anthocyanins (in bold) and 41 predicted anthocyanin
metabolites. A single MRM for phospholipid was also monitored. Glucuronide, gluc

Parent Fragment
Cyanidin Delphinidin Malvidin Pelargonidin Peonidin Petunidin
Total/Fragment m/z

Pure standard Glu 448.9/287.1 465.0/303.1 493.3/331.2 433.1/271.0 463.2/301.1 479.0/317.1
Pure standard Gal 449.0/287.0 464.5/303.3 493.0/330.9 463.2/301.0 478.9/317.1
Pure standard Ara 419.0/287.1 435.0/303.0 463.2/331.0 433.0/301.1 448.8/317.1
Pure standard Di-glu 611.1/449.1 655.2/331.1
Gluc Glu/Gal 625.0/287.0 641.0/303.0 669.0/331.0 609.0/271.0 639.1/301.1 655.1/317.1
Methyl gluc Glu/Gal 639.0/301.0 655.0/317.0 683.0/345.0 623.0/285.0 653.0/315.0 669.1/331.1
Methyl Glu/Gal 463.0/301.0 479.0/317.0 507.0/345.0 447.0/285.0 447.0/315.0 493.1/331.1
Sulphate Glu/Gal 529.0/286.0 545.0/302.0 573.0/330.0 513.0/270.0 543.0/300.0 559.1/316.1
Methyl sulphate Glu/Gal

Aglycone 287.0/137.0 301.0/283.0 331.0/204.0 271.0/271.0 301.0/284.0 317.1/317.1
Gluc Aglycone 463.0/287.0 479.0/303.0 507.0/331.0 447.0/271.0 447.1/301.1 493.1/317.1
Methyl gluc Aglycone 477.0/301.0 493.0/317.0 521.0/345.0 461.0/285.0 491.0/315.0 507.1/331.1
Methyl Aglycone
Sulphate Aglycone
Methyl sulphate Aglycone
Di-glucur Aglycone
Chalcone
Phospholipid 184/184
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manually reviewed for consistency. Integrated signals with
S/N > 10 were further analysed using Genstat (VSN
International).16 Among 662 urine samples 371 MS/MS × RT
were detected, including 17 of 18 parent Anc. The 371 MS/MS
× RT were sought in all urine samples and if not present (S/N >
10) a 0 value was recorded. The data set of mean nanomoles
for 371 Anc across 82 combinations of 17 volunteers in one of
two dosing regimens for five 24 h collection dates yielded a
data set of over 35 000 lines. Data for each Anc was fitted to an
exponential curve to predict the mean nanomoles excreted.
The 0 h value was the Anc content in the single void preceding
BJ intake. The 24–0 h value was the cumulative nanomoles of
Anc excreted in all voids for the 24 h after BJ intake.

Box plots (Fig. 2) and scatter plots (Fig. 3) were prepared
using calibrated data before ANOVA. ANOVA was used to

examine effects of duration (Fig. 4) and dosing (Fig. 5 and
Table 2). Repeated measures analysis was used to examine
responses related to intake duration (days 7, 14 and 28) and
dosing (1× versus 3*13× daily) (Fig. 5).

3. Results
3.1. Variation among volunteers

All volunteers completed the five 24 h urine collections, except
three people did not take part in the final 24 h collection on
day 36 (Fig. 1). Total nanomole Anc excreted during 24–0 h

Fig. 2 Box plots with 82 values each for 17 volunteers and five 24-hour
urine collections and three missing values. The dashed line in the box
shows the mean; the solid line shows the median. In 0 h boxplots, the
day 0 points (i.e. after run-in, before blueberry juice) are shown with
an ×.

Fig. 3 Excretion of total and parent anthocyanins at 0 h and 24–0 h
based on the mean of five 24 h urine collections among 17 volunteers.
The 0 h and 24–0 mean is connected by a line for each of the 17 to illus-
trate inter-individual variation.

Fig. 4 ANOVA results showing the decline in total 24–0 h anthocyanins
over the 36-day study. Shown are day 0 and 36 and the mean of days 7,
14 and 28. Open bars, total anthocyanins; hatched bars, parent
anthocyanins.

Fig. 5 ANOVA results showing the 24–0 h mean and SEM for antho-
cyanin excretion at five collection dates (day 0, 7, 14, 28, 36) and for
both dosing regimens combined. Fitted lines illustrate the response to
dosing regimens (■ 1× daily and ◆ 3*13× daily) including linear response
line means over day 7, 14 and 28 determined by repeated measures ana-
lysis and ANOVA.
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across the five collection dates for the 17 volunteers (82 values)
spanned approximately a 10-fold range (Fig. 2). In all cases the
mean Anc (dashed line) was greater than the median Anc
(solid line) which was due to some high values in the upper
50% of the observations while the bottom 50% of values were
similar and low (Fig. 2). The 24–0 h total Anc mean and
median were 3415 and 2892 nmol respectively, whereas the
75th percentile was 4000 nmol (Fig. 2). Parent Anc which was
about 5% of the total Anc also ranged approximately 10-fold at
24–0 h with only one of the 82 values beyond this range
(Fig. 2). The 24–0 h parent Anc mean and median were 169
and 132 nmol respectively, whereas the 75th percentile was
229 nmol (Fig. 2).

At 0 h the mean value also exceeded the median for both
total Anc and parent Anc. In Fig. 2 points denoted with an ×
indicate the 17 values for the 0 h void on day 0, to illustrate
that Anc were abundant in urine even after a 5-day Anc-free
run-in and before BJ (i.e. 0 h).

3.2. Relation between 0 h and 24–0 h Anc excretion

To further illustrate inter-individual variation in Anc excretion
scatter plots are shown for 0 h and 24–0 h as the mean of five
collection dates for each of the 17 volunteers (Fig. 3). Lines
connecting 0 h and 24–0 h values shows that in general volun-
teers who had a high 0 h total nanomoles Anc also had high
nanomoles Anc for 24–0 h. Conversely, volunteers with low 0 h
Anc also had relatively low 24–0 h Anc excretion (r2 = 0.71).

Parent Anc showed this pattern of inter-individual variation
but less strongly (r2 = 0.50) (Fig. 3).

3.4. Decline in total Anc excretion during long-term intake

Based on ANOVA total mean Anc excretion for dosing regimens
declined (P = 0.007) over the five collection dates during the
36-day trial (Fig. 4). The decline is depicted by comparing day
0 after the 5-day run-in with excretion during chronic intake
(i.e. days 7, 14 and 28) and after washout on day 36. While
individual means increase between day 7, 14 and 28 (Fig. 5)
this effect was mainly due to dosing as described below. A day
36 after washout, Anc excretion was significantly less than on
day 0. PAnc also declined over the 36-day trial, but not signifi-
cantly (Fig. 4). This overall decline in Anc excretion (Fig. 4)
occurred during daily intake of equivalent to about 200 g of
wild blueberry fruit in BJ, and the decline persisted even after
a 7-d Anc-free washout (days 29–36) (Fig. 1).

3.5. Effects of BJ dosing regimen

At day 0 after the 5-day Anc-free run-in, Anc excretion was
greater among those who consumed BJ 1× daily compared to
those who took BJ 3*13× daily (P = 0.052) (Fig. 5). Between day 0
and day 7 excretion of Anc declined in both dosing regimens
and the two groups were not different at day 7 and 14.
However between day 14 and day 28 Anc excretion increased
among participants who took BJ 1× daily while there was no
change in the BJ 3*13× group during the same period (Fig. 5).

Table 2 Effects of blueberry juice dosing regimen (1× vs. 3*13× dose daily) on total and parent anthocyanins and other selected categories of urinary
anthocyanin intermediates in urine. Statistics are described for the void at 0 h and cumulative excretion for 24–0 h

Days 7, 14,
28 mean Day 0 Day 28 Day 36

Anthocyanin % Dosing 24–0 h 0 h 24–0 h 0 h 24–0 h 0 h 24–0 h 0 h

nmol
Total aglycones 91.9 1× 3666 917 4727 1415 5491 1245 2801 1165

3*13 × 2319 1018 3122 1104 2585 778.8 2244 1093
SEM 297.3 330.2 522.7 281.5 560.1 199.8 385.8 211.3
F Prob 0.005 ns 0.041 ns 0.002 ns ns ns

Aglycone glucuronides 65.3 1× 2687 726.1 3370 1047 4181 993.5 2106 886.2
3*13× 1556 781.7 2088 782.3 1841 552.2 1582 785
SEM 214.4 289.6 471.4 207.2 495.8 177.2 338.1 168.5
F Prob 0.002 ns 0.066 ns 0.004 0.090 ns ns

Simple aglycones 26.6 1× 978.7 190.9 1357 368.4 1310 251.3 684.8 279.1
3*13× 763.4 235.9 1033 321.3 743.5 226.5 662.5 307.8
SEM 115.6 49.62 174.1 86.07 129.2 49.67 103.9 6.08
F Prob ns ns ns ns 0.006 ns ns ns

Total glycosides 8.19 1× 291.1 94.12 327.3 121.9 423 154.1 158.4 76.61
3*13× 244.8 59.84 371.9 66.59 311.1 78.47 249.5 46.86
SEM 55.72 15.83 51.33 15.77 57.18 25.53 34.16 8.086
F Prob ns ns ns 0.022 ns 0.034 ns .020

Parent anthocyanins 5.07 1× 180.2 66.11 190.1 80.29 240.7 113.2 85.4 48.93
3*13× 152.7 35.9 232.2 35.98 179.9 45.2 165.2 24.37
SEM 42.11 13.0 41.17 7.667 42.02 18.37 25.47 7.038
F Prob ns ns ns <0.001 ns 0.017 0.042 0.026
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To further examine these responses repeated measures ana-
lysis was conducted within ANOVA on the three mid-study col-
lection dates (days 7, 14 and 28). These three dates were exam-
ined separately because they were preceded by at least 7 days
of daily BJ intake (Fig. 1). The two dosing regimens differed
based on mean total Anc (P = 0.007) and its linear trend (P =
0.041) over the 7, 14 and 28 collection dates (Fig. 5). Greater
nanomole Anc excretion occurred when BJ was taken 1× daily
(Fig. 5) as compared to 3*13× daily. At day 28 the total nano-
moles Anc excreted when BJ was taken 3*13× daily was only 65%
compared to when BJ was taken 1× daily. However on day 36
following the 7-day washout there was no longer an effect of
dosing on total 24–0 h total Anc excretion (Fig. 5).

The same 24–0 h dosing effect (i.e. 1× > 3*13× BJ daily) that
was seen for total Anc (Fig. 5) was also seen for abundant
groups of metabolites including the total Anc aglycones (P =
0.005) and Anc aglycone glucuronides (P = 0.002) (Table 2).
Marginally significant dosing effects were seen on day 0 only
for total Anc (P = 0.052) (Fig. 5), total Anc aglycones (P = 0.041)
and aglycone glucuronides (P = 0.066) (Table 2) but effects
were much more pronounced at day 28 where F probabilities
were: total Anc, P = 0.002 (Fig. 5); total aglycones, P = 0.002
and aglycone glucuronides, P = 0.004 (Table 2). On day 36 after
7 days of washout there was no dosing effect for total Anc
(Fig. 5) or for the abundant Anc metabolite groups (Table 2).
At 0 h there was no effect of dosing on total Anc (not shown)
or any abundant Anc metabolite group on any collection date
(Table 2).

No 24–0 h dosing differences were found for total glyco-
sides or parent Anc on any collection date except for parent
Anc on day 28 (Table 2). However glycosidic forms of Anc
(8.2% of total Anc) and parent Anc (5.1% of total Anc) were
affected by dosing at 0 h (Table 2). At 0 h Anc glycosides were
more abundant when BJ was taken 1× daily on all dates i.e. (1)
after the Anc-free run-in on day 0 (P = 0.022), (2) after long-
term intake (day 28) (P = 0.034) and (3) after 7-days of washout
(day 36) (P = 0.020). Similar (i.e. 1× > 3*13×) but even greater
dosing effects were seen for parent Anc at the same three time
points (P = <0.001, 0.017, 0.026 respectively) (Table 2).

4. Discussion

This report describes only the urinary metabolites possessing
a flavonoid backbone that are predicted to arise from all six
anthocyanidins (Table 1). Not all predicted metabolites could
be scanned therefore quantities reported are underesti-
mated.12 Non-flavonoid products arising from C ring fission
were not tracked in this study. Non-flavonoid products arising
from Anc intake have been relatively well characterized and are
known to be abundant.1,14

The two earlier reports11,12 from this study document the
relative abundance and nature of the total pool of urinary C6–
C3–C6 products for all dates and two dosing regimens com-
bined12 and provide an early look into the retention of Anc
in vivo.11 The present report documents the effects of intake

duration, dosing regimen, run-in, washout, and inter-individ-
ual variation (Fig. 1). Results are discussed in relation to opti-
mizing the body’s exposure to Anc to achieve health outcomes.

4.1. Human phenotypic variation

The complex pool of Anc-derived products12 reflects the physi-
cal and chemical conditions in situ plus the collective effect of
human xenobiotic processes and, to a limited extent, gastro-
intestinal microbiota. The pool of Anc metabolites12 reflects
human phenotypic variation in the xenobiotic enzymatic and
transporter machinery responsible for modification, conju-
gation, transport and excretion of Anc. These aspects have
been examined for selected flavonoids (for example see ref. 17
and 18) and reviewed.19–21 The 10-fold range in total Anc and
parent Anc among the 17 participants (Fig. 2) was small com-
pared to the 35- to 87-fold range documented in vitro for
human β-glucosidase (n = 10) with various glycoside sub-
strates.22 When the human wild-type efflux transporters BCRP
and MDR1 were tested with sixteen different Anc in vitro sub-
stantial variation was seen.23 When the metabolic fate of five
classes of flavonoids was examined using intestinal perfusion
and cannulation techniques a great deal of structural speci-
ficity was documented.24

4.2. Capacity to excrete and retain Anc

Scatter plots of Anc excretion (i.e. 24–0 h) and retention (i.e.
0 h) (Fig. 3) showed that volunteers who had a high capacity
for 24–0 h Anc excretion generally had high Anc content in
their 0 h void (Fig. 3) which was novel. If capacity for Anc
metabolism, excretion and retention was found to correlate
within an individual’s capacity for other physiological
responses to parent Anc, then a randomization of volunteers
based on their baseline urinary Anc should be considered.

4.3. Anc persistence

Persistence in vivo was apparent by the high urinary Anc con-
centration at 0 h (i.e. before BJ) after both a 5-day Anc-free run-
in (Fig. 2) and a 7-day washout (Table 2). The long in vivo resi-
dence time of Anc is attributed to their uptake into bile and
circulation between the small intestine and liver via entero-
hepatic circulation. Enterohepatic circulation appears to be
common for flavonoids25 but not for phenolic acids and
esters.26 Parent Anc are found in bile within 5 min after gastric
delivery27 and Anc are readily soluble in bile phospholipids11

behaving similarly to other flavonoids in this way.17,18,20

Conjugation and de-conjugation events during enterohepatic
circulation leads to a complex pool of metabolites. Solutes
remain in enterohepatic circulation until they are distributed
to peripheral sites (tissues, organs) or excreted in feces or
urine.13

Other studies document the persistence of Anc in vivo, for
example when radiolabeled cyanidin 3-glucoside was adminis-
tered to humans14 and mice28 label was rapidly distributed
into numerous products including fluids14,28 and tissues.28 At
48 h after administration, radio-label in feces was still increas-
ing and only 43% of the label had been accounted for.14 Dose–
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dependent tissue disposition of Anc has been reported in
pigs.29,30 Quercetin persistence in the gastrointestinal tract has
been reported in humans.31 The notion of the Anc metabolite
persistence is also supported by reports of significant stability
of Anc in vivo.32,33

The persistence in vivo of Anc complicates a comparison of
animal and human Anc studies. Whereas human volunteers
will have a significant amount of urinary Anc at baseline, well-
controlled animal studies can mitigate or eliminate this com-
plication. The lack of previous dietary exposure to parent Anc
in laboratory animals may also contribute to a greater capacity
for a response by an animal to parent Anc intervention.

4.4. Decline in Anc excretion over 36 days

The decline in urinary Anc during long-term BJ intake (Fig. 4)
may be due to a reduction in Anc uptake by the small intestine
and increased Anc partitioning into feces which has not been
previously reported. Amounts of metabolites in urine are
roughly correlated with maximum plasma concentration21 and
therefore a decline in urinary Anc over time means a reduction
in systemic exposure to Anc. A decline in excretion of both
total Anc and parent Anc was still apparent even after 7 days of
washout suggesting that Anc partitioning between feces and
urine is slow to change (Fig. 4 and 5). Saturation or inhibition
effects of Anc on xenobiotic machinery may contribute to the
urinary Anc decline during prolonged intake.21,34 Non-specific
Anc effects including adsorption to biomolecules like poly-
saccharide, protein, fat including intestinal mucin35 which
could obstruct continued Anc uptake, cannot be ruled out.

4.5. Effects of dosing

Because Anc are rapidly broken down in the lumen of the
gastrointestinal tract, but well-retained after intestinal absorp-
tion33 (Fig. 2) then affecting intestinal uptake could be a
means to increase systemic Anc exposure. Greater 24–0 h
excretion of both total Anc and groups of abundant Anc
occurred when BJ was taken 1× daily compared to 3*13× daily
(Fig. 5 and Table 2) which may have been due to greater cover-
age of the stomach and small intestine by the larger 1× BJ
volume (250 mL) compared to intestinal coverage by 83 mL of
BJ (i.e. 3*13×). Coverage of a greater portion of the stomach and
small intestine at one time may be a means to increase intesti-
nal absorption of Anc. Also the 250 mL BJ dose would be more
likely than an 83 mL dose to reach the jejunum for uptake into
enterohepatic circulation, before the loss of the flavonoid
structure.

The greater Anc excretion observed in the 1× dosing group
was due to high Anc excretion at day 28. At day 28 many of the
same Anc observed at earlier dates were present but at higher
levels. The high level of Anc excretion at 28 days could not be
readily associated with the identification of new Anc forms.

Parent Anc at 0 h was greater when BJ was taken 1× daily
(Table 2). This is interesting because parent Anc taken 1× daily
will have resided in the gastrointestinal tract at least seven
hours longer than the parent Anc ingested in the last 83 m BJ
(13 dose) which was taken as late as 17:00. It appears that when

parent Anc had access to more surface area of the gastrointesti-
nal tract, due to the greater BJ volume a greater amount of
parent Anc was retained.

In light of the complex human pharmacokinetics of Anc
due to extensive xenobiotic metabolism and enterohepatic cir-
culation it is particularly valuable to understand the impact of
study design factors. The design of clinical trials involving Anc
may be guided by results reported here. The retention of Anc
shown in the present study means that human base-line levels
of Anc far exceed those of laboratory animals that have had no
exposure to dietary Anc. Anc decline during long-term BJ
intake highlights the importance of designing research using
readily achievable dietary Anc doses. The effect of dosing
regimen (1× daily vs. 3*13× daily) illustrates the extensive and
dynamic first pass metabolism of Anc along the gastrointesti-
nal tract. Results related to dosing regimen suggest that a
specified PAnc dose taken in a large volume would lead to
greater Anc absorption than the same PAnc dose taken in a
smaller volume.
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