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The fate of anthocyanins, ellagic acid, and ellagitannins was studied following the consumption of
300 g of raspberries by healthy human volunteers and subjects with an ileostomy. Postingestion
plasma and urine from the former and ileal fluid and urine from the latter group were collected and
analyzed by HPLC-PDA-MS?. Plasma from the healthy volunteers did not contain detectable
quantities of either the native raspberry polyphenolics or their metabolites. The three main raspberry
anthocyanins were excreted in urine in both healthy and ileostomy volunteers 0—7 h after ingestion,
in quantities corresponding to <0.1% of intake. This indicates a low level of absorption in the small
intestine. With ileostomy volunteers 40% of anthocyanins and 23% of the ellagitannin sanguiin H-6
were recovered in ileal fluid with the main excretion period being the first 4 h after raspberry
consumption. The recovery of ellagic acid in ileal fluid was 241%, indicating hydrolysis of
ellagitannins in the stomach and/or the small intestine. Urinary excretion of ellagic acid and an
ellagic acid-O-glucuronide was <1% of intake. No intact or conjugated forms of ellagitannins were
detected in urine from either healthy subjects or ileostomy volunteers. However, in healthy subjects,
but not the ileostomists, ellagitannins were catabolized with the appearance of urolithin A-O-
glucuronide, two of its isomers, and urolithin B-O-glucuronide in urine collected 7—48 h after rasp-
berry consumption. There was marked variation in the urolithin profile of individual volunteers,
indicating differences in the colonic microflora responsible for ellagitannin degradation.
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INTRODUCTION

Raspberries (Rubus idaeus L.), in keeping with many other
berries, are rich in flavonoids and related compounds as well as
vitamin C (/). They contain a distinct spectrum of anthocyanins,
the major components being cyanidin-3-O-sophoroside, cyani-

major components being quercetin-3-O-glucuronide and querce-
tin-3-0-glucoside, together with trace levels of ellagic acid and
ellagic acid sugar conjugates (9). Ellagic acid has been reported
to have antiviral activity and provide protection against cancers
of the colon, lung, and esophagus, and the health benefits of

din-3-0-(2""-O-glucosyl)rutinoside, and cyanidin-3-O-glucoside
with smaller quantities of cyanidin-3-O-rutinoside, cyanidin-3-O-
(2"-0-xylosyl)rutinoside, pelargonidin-3-O-sophoroside, pelar-
gonidin-3-(2"-0-glucosyl)rutinoside, pelargonidin-3-O-glucoside,
and pelargonidin-3-O-rutinoside. Substantial quantities of ellagi-
tannins, namely, sanguiin H-6, sanguiin H-10, and lambertianin
C, also occur in raspberries (2, 3). There is growing evidence
linking consumption of ellagitannins with human health benefits.
This is derived principally from research with pomegranate juice
containing high concentrations of ellagitannins in the form of
punicalins and punicalagins (4 —8).

Raspberries also contain small amounts of a wide variety of
quercetin- and kaempferol-based flavonol conjugates, with the
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raspberry consumption have been promoted on the basis of
claims of a high ellagic acid content (10—12).

In an earlier study we investigated the bioavailability of
raspberry anthocyanins and ellagitannins in rats (/3). In the
current investigation the fate of these compounds following the
acute ingestion of a 300 g raspberry supplement by humans was
monitored. The study was carried out with both healthy humans
and subjects with an ileostomy. Plasma, urine, and ileal fluid were
collected for up to 48 h after consumption of raspberries and
analyzed by HPLC-MS? to investigate the absorption, meta-
bolism, and excretion of anthocyanins and ellagitannins as they
pass through the body. The use of ileostomists, as well as subjects
with an intact functioning colon, can provide valuable informa-
tion in studies on the bioavailability of dietary polyphenols.
Compounds detected in plasma and excreted in urine of healthy
volunteers but absent or present in substantially lower amounts in
samples from ileostomists are clearly absorbed in the large rather
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than the small intestine. Knowing what components are ingested
and how much is recovered in ileal fluid provides an additional
dimension to information on absorption gleaned from plasma
pharmacokinetics and urinary excretion. The contents of ileal
fluid also yield data on compounds that are not absorbed in the
small intestine and which in healthy subjects would pass to the
lower bowel and be subjected to the action of the colonic
microflora. Ileostomists were originally used in an early study
on the bioavailibility of quercetin and quercetin glycosides (/4)
and more recently have been an integral part of investigations into
the absorption and metabolism of quercetin-3-O-rutinoside in
tomato juice (15), apple juice polyphenolics (16, 17), green tea
flavan-3-ols (18, 19), and coffee chlorogenic acids (20, 21).

MATERIALS AND METHODS

Raspberries and Chemicals. Raspberries cv. Glen Ample were
obtained from a commercial grower in Angus, U.K. Cyanidin-3-O-gluco-
side was purchased from Apin Chemicals (Abingdon, Oxford, U.K.),
cyanidin-3-0-sambubioside-5-O-glucoside was supplied by Polyphenols
(Sandnes, Norway), ellagic acid was from Sigma-Aldrich (Poole, Dorset,
U.K.), and punicalagin was from Chromadex (Irvine, CA), whereas
urolithins A and B were a generous gift from Dr. Navindra Seeram
(University of Rhode Island, Kingston, RI). HPLC grade solvents were
obtained from Rathburn Chemicals (Walkerburn, U.K.). Formic acid and
sodium diethyldiothiocarbamate were purchased from Sigma-Aldrich,
and acetic acid was from BDH (Poole, U.K.).

Study Design. The Glasgow Royal Infirmary Research Ethics Com-
mittee and the Glasgow University Ethical Committee approved the study
protocol. Ten healthy humans (four female, six male) and four subjects
with an ileostomy, and hence no colon (two female, two male), were
recruited and gave their written consent to participate in this study. They
were nonsmokers and not on any medication, aged between 25 and 48
years. The ileostomy volunteers had their operation at least 5 years prior to
the study and had minimal resection of the small intestine. Subjects were
required to follow a diet low in polyphenolic compounds by avoiding fruits
and vegetables, nuts, high-fiber products, and beverages such as tea,
coffee, and fruit juices, as well as to abstain from consuming alcohol for
60 h prior to the beginning of the study. After an overnight fast, the volun-
teers consumed 300 g of homogenized raspberries and after 3 h they
continued the low polyphenolic diet for up to a further 45 h until the final
urine and ileal fluid samples were collected.

With healthy subjects, 10 mL samples of venous blood were collected at
0, 1.0, 1.5, 2.0, 3.0, 5.0, 6.5, 7.5, and 24 h postingestion, and the plasma
obtained was stored as described by Stalmach et al. (22). In addition, all
urine excreted 24 h before and over five time periods, 0—4, 4—7, 7-24,
24-32, and 32—48 h, after raspberry consumption was collected. With
ileostomists, urine and ileal fluid were collected 24 h before and 0—4, 47,
7—24, and 24—48 h after raspberry intake. After the volumes of urine and
ileal fluid collected had been recorded, aliquots were acidified to pH 3 with
50% formic acid before being stored at —80 °C.

Extraction of Raspberries. Ten grams of raspberry was homogenized
with 20 mL of methanol/water/formic acid (79.9:20:0.1, v/v/v) using an
Ultra-Turrax homogenizer (T25 basic, IKA Werke KG, Staufen,
Germany) for 1 min at 24000 rpm, prior to being centrifuged for 10 min
at 4000g. The pellet was re-extracted with 10 mL of the same solvent as
described above, after which it was centrifuged. The two supernatants were
combined and analyzed by HPLC-PDA-MS®.

Extraction of Plasma. Plasma was extracted and processed as
described by Stalmach et al. (22) with [2-'*C]quercetin-4'-glucoside as an
internal standard.

Processing of Urine and Ileal Fluid. Urine samples were defrosted,
vortexed, and centrifuged at 16110g for 10 min at 4 °C, prior to the
triplicate analysis of 200 uL aliquots by HPLC-PDA-MS?. Tleal fluid was
defrosted and 2 ug of cyanidin-3-O-sambubioside-5-O-glucoside added as
an internal standard to triplicate 0.5 g samples, which were homogenized
in 3 mL of methanol/water/formic acid (95:4:1, v/v/v) containing 20 mM
sodium diethyldiothiocarbamate for 1 min at 24000 rpm using an Ultra-
Turrax homogenizer, after which they were centrifuged for 20 min at
4000g. The pellets were re-extracted twice, and supernatants were pooled
before being reduced to dryness in vacuo. The residues were resuspended
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in 250 uL of acidified methanol and 4750 uL of 1% formic acid, and
aliquots were analyzed by HPLC-PDA-MS”>.

Qualitative and Quantitative Analysis by HPLC-PDA-MS?.
Samples were analyzed on a Surveyor HPLC system composed of an
HPLC pump, PDA detector (scanning from 200 to 700 nm), and an
autosampler cooled to 4 °C (Thermo Finnigan, San Jose, CA). Separations
of ellagic acid derivatives, ellagitannins, and anthocyanins from raspberry
were performed using a Synergi 4 um RP-Polar 80 A 250 x 4.6 mm i.d.
reverse phase column (Phenomenex, Macclesfield, U.K.) maintained at
40 °C. The mobile phase, pumped at a flow rate of 1 mL/min, was 1%
aqueous formic acid (A) and 99% methanol containing 1% formic acid
(B), establishing a linear gradient from 10 to 40% B over 60 min.
Chromatograms were recorded at 280, 325, 365, and 520 nm. The same
instrumentation was adopted for urolithin detection but with the use of a
Synergi 4 yum RP-Max 80 A 250 x 4.6 mm i.d. reverse phase column
(Phenomenex) and a 30 min gradient of 10—50% methanol in 0.25%
acetic acid. After passing through the flow cell of the diode array detector,
the column eluate was split and 0.3 mL/min was directed to an LCQ
DecaXP ion trap mass spectrometer fitted with an electrospray interface
(ESI) operating in either positive ionization mode for anthocyanins or
negative ionization mode for ellagic acid and ellagitannins. An atmo-
spheric chemical ionization interface (APCI) in negative ion mode was
used for urolithin detection as this provided the best limits of detection.
Analyses were carried out using full scan, data-dependent MS? scanning
from m/z 150 to 2000. With the ESI in positive ionization mode, capillary
temperature was 300 °C, sheath gas was 50 units, auxiliary gas was 35
units, and source voltage was 2 kV. For negative ionization, capillary
temperature was 325 °C, sheath gas and auxiliary gas were both 40 units,
and source voltage was 4 kV. For the APCI interface, the capillary
temperature was 225 °C, vaporizer temperature was 350 °C, sheath gas
and auxiliary gas were both 10 units, and source voltage was 4.5 kV for
negative ionization.

Anthocyanins were quantified from their chromatographic peak areas
recorded at 520 nm and expressed as cyanidin-3-O-glucoside equivalents,
ellagitannins detected at 280 nm were expressed as punicalagin equiva-
lents, and ellagic acid and ellagic acid conjugates monitored at 365 nm
were quantified in ellagic acid equivalents. Urolithin A-O-glucuronide and
its isomers and urolithin B-O-glucuronide detected at 305 nm were
quantified, respectively, in urolithin A and urolithin B equivalents.

Statistical Analyses. Each sample was analyzed in triplicate for each
volunteer, and data are presented as mean value + standard error (n= 10
for healthy volunteers and n=4 for ileostomists). When appropriate, data
were subjected to statistical analysis using analysis of variance (ANOVA)
and paired 7 test with Minitab software, version 13 (Minitab Inc., Addison-
Wesley Publishing, Reading, MA).

RESULTS

Analysis of Raspberries. The HPLC-PDA-MS? analysis of the
raspberry extract resulted in the identification and quantification
of nine anthocyanins, three ellagitannins, and conjugated and free
ellagic acid. In addition to these compounds, other minor peaks
were identified, in the raspberry extract, including flavonol
conjugates and hydroxycinamate derivatives that appeared in
the chromatograms recorded at 365 and 320 nm, respectively (3).
However, these compounds were present in very low concentra-
tions and were not quantified. Identifications were based on
published MS? fragmentation data on raspberry flavonoids and
polyphenolics (2, 3, 13).

The three main anthocyanins detected at 520 nm were cyani-
din-3-0-sophoroside (m/z 611 — 287), cyanidin-3-0-(2"-O-glu-
cosyl)rutinoside (m/z 757 — 611, 287), and cyanidin-3-0-gluco-
side (m/z 449 — 287). Other minor anthocyanins identified were
pelagonidin-3-0-sophoroside (/2 595 — 271), cyanidin-3-O-(2''-
O-xylosyl)rutinoside (m/z 727 — 581, 287), cyanidin-3-O-rutino-
side (m/z 595 — 287), pelargonidin-3-0-(2"-O-glucosyl)rutino-
side (m/z 741 — 595, 271), pelargonidin-3-O-glucoside (m/z 433 —
271), and pelargonidin-3-O-rutinoside (m/z 579 — 271).

Ellagitannins detected at 280 nm, in accordance with previous
reports (2, 3, 13), were sanguiin H-10 (m/z 1565 — 1265, 1103,
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Table 1. Compounds Identified and Quantified in Raspberries by HPLC-PDA-
M82a

compound umol/300 g
cyanidin-3-O-sophoroside 113
cyanidin-3-(2'-O-glucosyl)rutinoside 45
cyanidin-3-O-glucoside 27
pelargonidin-3-O-sophoroside 3.4
cyanidin-3-O-(2"'-O-xylosyl)rutinoside 1.4
cyanidin-3-O-rutinoside 11
pelargonidin-3-0-(2"-O-glucosylrutinoside) 2.3
pelargonidin-3-O-glucoside 0.8
pelargonidin-3-O-rutinoside 0.5

total anthocyanins 204
sanguiin H-10 9.5
sanguiin H-6 100
lambertianin C 13

total ellagitannins 123
ellagic acid-O-pentoside 9.1
ellagic acid 7.9

total ellagic acid 17

@Data expressed as mean values (1 = 3).

933, 631), sanguiin H-6 (m/z 1869 —1567, 1265, 933, 631), and
lambertianin C, which had a doubly charged molecular ion (m/z
[1401]* — 1869, 1567, 1265, 933, 631). Ellagic acid (m/z 301 —
257, 229) and an ellagic acid-O-pentoside (m1/z 433 — 301) were
monitored at 365 nm.

The quantites of anthocyanins, ellagitannin, and ellagic acid
derivatives in the 300 g serving of raspberries consumed by the
volunteers are presented in Table 1. Each serving contained a total
of 204 umol of anthocyanins and 123 umol of ellagitannins, of
which 82% was sanguiin H-6. The total ellagic acid (free and
conjugated) content was 17 umol.

Analysis of Plasma. No raspberry-derived compounds were
detected in the plasma of the healthy subjects. The volumes
analyzed and the limits of detection were such that the concen-
tration of the main raspberry anthocyanin, cyanidin-3-O-sopho-
roside, would have been ca. <5 nmol/L and that of ellagic acid
derivatives ca. <10 nmol/L. Plasma was not collected from
volunteers with an ileostomy.

Analysis of Ileal Fluid. Analysis of extracts of ileal fluid
collected over 48 h after raspberry supplementation revealed
the presence of eight of the nine raspberry anthocyanins, the
exception being pelargonidin-3-O-rutinoside, a trace component.
No anthocyanin sulfate or glucuronide metabolites were detected
(Figure 1; Table 2). Most of the anthocyanins appeared in the
initial 4 h after ingestion. Of the 204 umol intake, 81 umol of
anthocyanins appeared in the 0—48 h ileal fluid, which represents
a 40% recovery. With most of the anthocyanins, including the
main components cyanidin-3-O-sophoroside and cyanidin-
3-0-(2"-O-glucosyl)rutinoside, there was a 40—75% recovery.
However, of the 27 umol intake of cyanidin-3-O-glucoside only
1.6 umol appeared in ileal fluid, a 5.9% recovery. At the other
extreme there was a 93% recovery of the 1.4 umol of cyanidin-
3-0-(2"-O-xylosyl)rutinoside in the raspberry supplement
(Table 2).

Of the three ellagitannins in raspberries, only the main con-
stituent, sanguiin H-6, was detected in the 0—48 h ileal fluid with a
recovery corresponding to 23% of intake. Ellagic acid, but no
ellagic acid-O-pentoside, was also detected in ileal fluid. The
19 umol of ellagic acid that were recovered over the 48 h period
corresponds to 241% of the 7.9 umol intake (Table 3).

Analysis of Urine. Quantitative estimates of anthocyanin
excretion by healthy volunteers, which occurred mainly 0—4 h
after consumption of raspberries, are summarized in Table 4. Due
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Figure 1. Gradient reversed phase HPLC profiles at 520 nm showing (A)
the anthocyanin content of raspberries and ileal fluid collected (B) 0—4 h,
(C) 4—7 h, and (D) 7—24 h after the ingestion of 300 g of raspberries by
volunteers with an ileostomy. Peaks: (1) cyanidin-3-O-sophoroside, (2)
cyanidin-3-O-(2"-O-glucosyl)rutinoside, (3) cyanidin-3-O-glucoside, (4)
pelagonidin-3-O-sophoroside, (5) cyanidin-3-O-(2""-O-xylosyl)rutinoside,
(6) cyanidin-3-O-rutinoside, (7) pelargonidin-3-O-(2”'-O-glucosyl)rutino-
side, (8) pelargonidin-3-O-glucoside, (9) pelargonidin-3-O-rutinoside.

to the low level of excretion, only the three principal raspberry
anthocyanins, cyanidin-3-O-sophoroside, cyanidin-3-0-(2"-0-
glucosyl)rutinoside, and cyanidin-3-O-glucoside, were present
in detectable amounts. Of the 204 umol anthocyanin intake, only
78 nmol was detected in the 0—48 h urine, a recovery of 0.04%.
The 0—48 h urinary excretion of anthocyanins by ileostomy
volunteers was marginally higher, at 134 nmol, equivalent a
0.07% of the total amount consumed (Table 4). This albeit low
but slightly higher urinary excretion of anthocyanins by the
ileostomy volunteers was not significantly different from that of
the healthy subjects with an intact functioning colon.

Likewise, only trace levels of ellagic acid and ellagic acid-
O-glucuronide were detected in urine from healthy subjects and
ileostomists (Table 5). The recovery levels were low compared to
the intake of the parent compounds and in reality are probably
even lower when it is taken into account that both compounds
could be derived from breakdown of the ellagitannins by the
colonic microflora. Ellagic acid formed in this way is an inter-
mediate in the production of urolithins, which are glucuronidated
during passage through the wall of the large intestine en route to
the circulatory system prior to urinary excretion (23—25). In the
current study, no urolithins were detected in urine from ileosto-
mists, but they were present in the urine of healthy subjects with
an intact colon following raspberry consumption, confirming
that they are formed in the large intestine.

Employing procedures originally utilized by Espin et al. (26),
we identified different urolithins in the urine from healthy
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Table 2. Recovery of Anthocyanins in lleal Fluid Collected 0—4, 4—7, and 7—24 h after the Consumption of 300 g of Raspberries

a

Gonzalez-Barrio et al.

anthocyanin 0—4h 4—7h 7—24h total

cyanidin-3-O-sophoroside 41+1 3.3+1.0 04+0.2 4542 (40%)
cyanidin-3-O-(2"'-O-glucosyl)rutinoside 2241 15+04 0.2+0.1 24 +1(53%)
cyanidin-3-O-glucoside 15402 0.1£0.0 nd 1.61+0.2(5.9%)
pelargonidin-3-O-sophoroside 19402 0.1£0.0 nd 2.0 £0.2(59%)
cyanidin-3-O-(2"’-O-xylosyl)rutinoside 12+0.1 0.1+04 nd 1.3+£0.9(93%)
cyanidin-3-O-rutinoside 56+0.2 0.2+0.1 0.1+0.1 5.9+ 0.4 (54%)
pelargonidin-3-O-(2"'-O-glucosyl)rutinoside 1.1+£041 0.2 +0.1 nd 1.3+£0.2(57%)
pelargonidin-3-O-glucoside 0.6+0.0 nd nd 0.6 +£0.0(75%)

total 75+3 55+14 0.7+ 05 81 + 4 (40%)

?Data presented as mean values in umol & standard error (n=4). Italicized figures in parentheses represent the amounts recovered as a percentage of the quantity ingested.
nd, not detected. Anthocyanins were not detected in ileal fluid samples collected >24 h after raspberry intake.

Table 3. Recovery of Ellagic Acid, Ellagic Acid-O-pentoside, Sanguiin H-6,
Lambertianin C, and Sanguiin H-10 from lleal Fluid Collected 0—4, 4—7, and
7—24 h after Consumption of 300 g of Raspberries?

Table 5. Recovery of Ellagic Acid and Metabolites from Urine Collected from
Volunteers with an Intact Colon and Subjects with an lleostomy 0—4 h and
4—7 h after Consumption of 300 g of Raspberries?

compound 0—4h 4—7h 7—24h total volunteers compound 0—4h 4—7h total
ellagic acid 13+£3 43+02 18405 194+3(241%) with an intact colon  ellagic acid 67+16 12+04 79414
ellagic acid-O-pentoside  nd nd nd nd (0.05%)
sanguiin H-6 16+0 51+07 21+£02 23+1(23%) ellagic acid- 52+11 nd 52+11
lambertianin C nd nd nd nd O-glucuronide (0.03%)
sanguiin H-10 nd nd nd nd total 12+ 2 12+04 1340
B - — (0.08%)
Data presented as mean values in umol + standard error (n = 4) and italicized
within parentheses as a percentage of the total amounts ingested. nd, not detected. . . Lo
EIIagicpacid, ellagic acidr-)Opentogside, sanguiin H-6, Iamb%rtianin C, and sanguiin with an ileostomy ellagic acid 255 09402 26+5
H-10 were not detected in urine collected >24 h after raspberry intake. (0.15%)
ellagic acid- 78+34 nd 78+34
Table 4. Quantities of Anthocyanins Excreted in Urine by Humans with an O-glucuronide (0.15%)
Intact Colon and Subjects with an lleostomy 0—4 and 4—7 h after Consump- total 3¥+8 09+02 3448
tion of 300 g of Raspberries® (0.20%)

volunteers anthocyanin 0—4h 4—7h total
with a colon cyanidin-3-O-sophoroside 34 £6 ~ 85+23 43+8
(0.04%)
cyanidin-3-O-(2"'- 194+3 68+20 26+5
O-glucosylyrutinoside (0.06%)

cyanidin-3-O-glucoside 73+15 14+£06 87£1.9
(0.03%)
total 6110 17£5 78 +14
(0.04%)

without a colon  cyanidin-3-O-sophoroside 69 +7 13£2 82+7
(0.07%)

cyanidin-3-0-(2""-0- 33+3 83+15 41+4
glucosyl)rutinoside (0.09%)

cyanidin-3-O-glucoside 10+£2 04+£03 10+3
(0.04%)
total 1M2+12 22+4 134+14
(0.07%)

Data presented as mean values in nmol + standard error (n = 10 for healthy
volunteers and n = 4 for ileostomy volunteers). Italicized figures in parentheses
represent the amount excreted as a percentage of the amounts of anthocyanins
ingested. Anthocyanins were not detected in urine samples collected >7 h after
raspberry intake.

volunteers, on the basis of their absorbance spectrum and MS?
fragmentation pattern. These metabolites are summarized in
Table 6. The main urolithin excreted by most of the healthy
volunteers with an intact colon was, in the absence of a standard,
tentatively identified as urolithin A-3-O-glucuronide (Figures 2
and 3) on the basis of its relative HPLC retention and a negatively
charged molecular ion (M — H] ") at m/z 403 that with a loss of
176 amu (cleavage of a glucuronyl group) produced an MS?
daughter ion at m/z 227 (urolithin A aglycone). Urolithin B-3-
O-glucuronide (Figures 2 and 3) was likewise tentatively identified
in the urine of one of the volunteers. It had a [M — H] ion at m/z

@ Data presented as mean values in nmol + standard error (n = 10 for healthy
subjects and n = 4 for ileostomy volunteers) and italicized within parentheses as a
percentage of the total amounts of ellagic acid and ellagic acid-O-pentoside
ingested. nd, not detected. Ellagic acid and ellagic acid-O-glucuronide were not
detected in urine collected >7 h after raspberry intake.

387, which, with a 176 amu loss, yielded a MS? fragment ion at
m/z 211 (urolithin B aglycone). In addition, HPLC-PDA-MS?
analysis detected two possible urolithin A-O-glucuronide iso-
mers. Both yielded the same MS? spectrum as urolithin A-O-
glucuronide but had a different absorbance spectrum and HPLC
retention time (Figure 2). These different properties are probably
indicative of different substitution positions of the hydroxyl
groups on the benzopyranone nucleus which, based on known
urolithin structures (26), could potentially be at C4 or C9 (see
Figure 3). This is the first report of the possible occurrence of
isomers of urolithin A-O-glucuronide in human urine following
consumption of ellagitannins, although two urolithin C-O-glu-
curonide isomers had been detected in the jejunum of Iberian pigs
fed ellagitannin-rich acorns (26).

The putative urolithin A-O-glucuronide isomers were excreted
only by volunteer 10 and were the main urolithins, along with
lesser amounts of urolithin A-O-glucuronide, in urine collected
7—48 h after raspberry consumption (Table 6). Volunteer 5 was
the sole producer of urolithin B-O-glucuronide, which was
excreted along with urolithin A-O-glucuronide 24—48 h after
raspberry intake. With the exception of volunteer 1, who produ-
ced no urolithins, the other volunteers excreted only urolithin A-
O-glucuronide. In most instances urinary excretion of urolithin-
O-glucuronides extended to the 32—48 h collection period after
ingestion of raspberries. Among the nine urolithin producers,
total excretion greatly varied, ranging from 1.3 to 44 umol, which
on a mole-for-mole basis is equivalent to 0.3—8.6% of ellagitan-
nin/ellagic acid intake (Table 6). However, this may well be an
overestimate of conversion of ellagitannins to urolithins as in
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Table 6. Quantities of Urolithins Excreted in Urine by Humans with an Intact
Colon 7—24, 24—32, and 32—48 h after Consumption of 300 g of Raspber-
ries?

collection UroA- UroA-
period  UroA- GlcA GlcA UroB- total
volunteer  (h) GlcA  (isomer 1) (isomer2)  GicA urolithins
1 7-24 nd nd nd nd nd
24—32 nd nd nd nd nd
32—48 nd nd nd nd nd

total  nd (0.0%)

2 7-24 nd nd nd nd nd
24—32 04+00 nd nd nd 0.440.0
32—48 0.9+00 nd nd nd 0.9+0.0

total 1.3 £ 0.0 (0.3%)

3 7—24 nd nd nd nd nd
24—32 0.7+0.1 nd nd nd 0.7+0.1
32—-48 25400 nd nd nd 25+0.0

total 3.2 £ 0.1 (0.6%)

4 7-24 nd nd nd nd nd
24—32 51401 nd nd nd 51401
32—48 31+0.0 nd nd nd 3.1+0.0

total 8.2+ 0.1 (1.6%)

5 7—24 nd nd nd nd nd
24—32 43+02 nd nd 3.9+00 83+0.2
32—-48 33+0.1 nd nd 40+00 7.3+0.1

total 16 +0(3.1%)

6 7-24 3.0+0.1 nd nd nd 3.0+0.1
24—32 16+0.0 nd nd nd 1.6£0.0
32—48 1.7+0.0 nd nd nd 1.7+£0.0

total 6.3 £ 0.0 (1.2%)

7 7-24 81+00 nd nd nd 8.1+£0.0
24—32 36+0.0 nd nd nd 3.6+0.0
32—48 16+04 nd nd nd 16104

total 13.3 £0.3 (2.6%)

8 7—24 98401 nd nd nd 9.84+0.1
24—32 41+01 nd nd nd 41+0.1
32—48 13+01 nd nd nd 1.3+0.1

total 152 +0.2 (3.0%)

9 7-24 27+0 nd nd nd 27+0
24—32 10+0 nd nd nd 10+0
32—48 6.0+02 nd nd nd 6.0+0.2

total 44 +0(8.6%)

10 7-24 12+0020+01 714+00 nd 10+0
24—32 09+00 1.9£00 6.1+0.1 nd 8.940.1
32—48 nd 1.0+£00 30+£00 nd 40401

total 23 + 0 (4.6%)

?Data expressed as umol =+ standard error (n = 3). ltalicized figures within
parentheses represent the 0—48 h urolithin excretion as a percentage total
amount of ellagitannins and ellagic acid ingested. Urolithins were not detected in
urine collected <7 h after raspberry intake. nd, not detected; UroA-GIcA, urolithin
A-O-glucuronide; UroB-GIcA, urolithin B-O-glucuronide.

theory 1 mol of sanguiin H-6 can produce 4 mol of ellagic acid,
each of which can be metabolized to urolithins.

DISCUSSION

After acute consumption of a 300 g serving of raspberries,
containing principally anthocyanins and ellagitannins along with
smaller amounts of ellagic acid and an ellagic acid-O-pentoside
(Table 1), by healthy human subjects, neither the parent
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Figure 2. Gradient reversed phase HPLC profiles at 305 nm showing the
urolithin content of urine collected from individual healthy volunteers before
and after the ingestion of 300 g of raspberries: urine from (A) volunteer 9,
0—24 h before raspberry intake; (B) volunteer 10, 7—24 h after ingestion
of raspberries; (C) volunteer 9, 7—24 h after ingestion of raspberries; and
(D) volunteer 5, 24—32 h after ingestion of raspberries. Peaks: (1) urolithin
A-O-glucuronide isomer 1, (2) urolithin A-O-glucuronide, (3) urolithin
A-O-glucuronide isomer 2, (4) urolithin B-O-glucuronide.
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Urolithin A-3-O-glucuronide Urolithin B-3-O-glucuronide
Figure 3. Structures of urolithin A-O-glucuronide and urolithin B-O-glucur-
onide.

compounds nor any of their metabolites appeared in detectable
quantities in the plasma samples collected over the ensuing 24 h
period. This is in keeping with other bioavailability studies in
which anthocyanins have only rarely been detected in plasma
(27). Other investigators have, however, detected ellagic acid in
plasma, albeit with somewhat different pharmacokinetic profiles,
after the ingestion of a pomegranate juice (28) and a pomegranate
extract (29) containing ellagic acid and ellagitannins.

Analysis of ileal fluid collected 0—48 h after ingestion of
raspberries by subjects with an ileostomy revealed the presence
of 81 umol of the 204 umol intake of anthocyanins, a recovery of
40% (Table 2). This is the first report of the presence of
anthocyanins in ileal fluid and indicates that despite the impact
of pH on the stability of anthocynanins in the small intestine, in
subjects with an intact colon, unexpectedly large amounts will
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pass from the small to the large intestine where the cyanidin-based
anthocyanins are likely to be degraded into low molecular weight
phenolic acids by the colonic microflora (30).

Ellagic acid-O-pentoside was not detected in ileal fluid, which
did contain 19 umol of ellagic acid, which corresponds to 241% of
intake. This 11 umol increase on the amount ingested is probably
attributable to ellagic acid released by breakdown of ellagitan-
nins. Although structurally too large to be absorbed in the small
intestine, neither of the minor ellagitannins, sanguiin H-10 and
lambertianin C, was excreted in ileal fluid, and there was only a
23% recovery of sanguiin H-6 (Table 3). This ca. 100 umol loss of
ellagitannins was not accompanied by the appearance of sub-
stantive amounts of ellagic acid in either plasma or urine
(Table 5). Ellagic acid has limited solubility and may be lost
under certain circumstances as it has been recovered as a preci-
pitate in the abdominal cavity after its intraperitoneal adminis-
tration to rats (37). Other factors affecting the recovery of ellagic
acid could be its ionization at physiological pH to form poorly
soluble complexes with calcium and magnesium ions and its
ability to bind to intestinal epithelial cells (32,33). In addition, the
possibility of irreversible binding of ellagitannins to proteins (34)
in the gastrointestinal tract could contribute to their seemingly
low recovery in ileal fluid.

The timing and quantity of urinary excretion of anthocyanins,
ellagic acid, and ellagic acid-O-glucuronide indicated low-level
absorption in the small intestine and, in keeping with this, there
was an absence of major differences in the amounts excreted by
healthy subjects and ileostomists (Tables 4 and 5).

Urolithins, which are formed from ellagic acid produced in the
colon by microflora-mediated breakdown of ellagitannins, were
absent in the urine of ileostomy volunteers but present in urine
excreted by healthy subjects with a functioning large intestine.
There was large person-to-person variation in the timing, quan-
tity, and types of urolithins excreted in urine (Table 6). One
subject (volunteer 1) produced no urolithins, whereas the other
nine excreted quantities ranging from 1.3 to 44 umol. With four of
the volunteers (2—5) they were excreted 24—32 and 32—48 h after
raspberry ingestion, whereas in five instances excretion also
occurred in the 7—24 h collection period (volunteers 6—10).
The spectrum of urolithins also varied. Seven subjects excreted
only urolithin A-O-glucuronide (volunteers 2—4 and 6—9), and
volunteer 5 produced O-glucuronides of both urolithins A and B,
whereas the urine from volunteer 10 contained urolithin A-O-
glucuronide and, uniquely, two isomers of urolithin A-O-glucuro-
nide (Table 6).

These interindividual variations in urinary excretion of uro-
lithins are almost certainly a consequence of the dependency of
ellagitannin degradation on the composition of the colonic
microflora. Similar variability was also observed in earlier feeding
studies with raspberries and pomegranate juice (28, 35, 36). The
nature of the interindividual differences and the specific bacteria
involved in the metabolic processes that produce urolithins are, as
yet, unknown.

It is of interest that phenolic compounds detected in ileal fluid
collected after raspberry consumption were exclusively native to
raspberries (Tables 2 and 3). This is in marked contrast to ileal
fluid collected after ingestion of coffee, which contains not just
chlorogenic acids but their sulfate and glucuronide meta-
bolites (21). Likewise, after green tea consumption, ileal fluid
contains parent green tea flavan-3-ols as well as their methyl,
sulfate, and glucuronide metabolites (/9). This indicates that
sulfotransferases, uridine-5'-diphosphate glucuronosyltransfera-
ses and catechol-O-methyltransferases, in the wall of the small
intestine, which catalyze the formation of these metabolites,
possess a high degree of substrate specificity. Alternatively, it
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could also reflect various degrees of enterohepatic circulation,
returning metabolites from the circulatory system to the small
intestine via the bile.

In conclusion, the data obtained in the present study indicate
low-level absorption and excretion of anthocyanins and ellagic
acid after the ingestion of raspberries by humans. The ca. 40%
recovery of anthocyanins and 23% recovery of sanguiin H-6 in
ileal fluid show that in healthy subjects with an intact colon
substantial quantities of these compounds will pass from the
small to the large intestine, where they will be subjected to the
action of the colonic microflora. Thisis evident from the excretion
of ellagitannin-derived urolithin-O-glucuronides in the urine of
healthy subjects but not volunteers with an ileostomy. There were
marked qualitative and quantitative variations in the urolithin
profile of individial volunteers, indicating differences in the
colonic microflora responsible for ellagitannin degradation.
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