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Short Communication
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ABSTRACT Pomegranate juice (PJ), a rich source of polyphenols including ellagitannins, has attracted much attention due
to its reported health benefits. This has resulted in the consumption of liquid and powder pomegranate extracts as alternatives
to PJ. Therefore establishing the bioavailability of polyphenols from these extract preparations is necessary. Sixteen healthy
volunteers sequentially consumed, with a 1-week washout period between treatments, PJ (8 ounces, Wonderful fruit variety),
a pomegranate polyphenol liquid extract (POMxl, 8 ounces), and a pomegranate polyphenol powder extract (POMxp, 1,000
mg). The three interventions provided 857, 776, and 755 mg of polyphenols as gallic acid equivalents, respectively. Plasma
bioavailability, judged based on ellagic acid levels over a 6-hour period, did not show statistical differences in area under the
curve for the three interventions: 0.14  0.05, 0.11  0.03, and 0.11  0.04 mol  hour/L for PJ, POMxl, and POMxp, respectively. The time of maximum concentration was delayed for POMxp (2.58  0.42 hours) compared to PJ (0.65  0.23
hours) and POMxl (0.94  0.06 hours). Urolithin-A glucuronide, a urinary metabolite of ellagic acid, was not significantly
different with the three interventions, reaching levels of approximately 1,000 ng/mL. This study demonstrates that ellagitannin metabolites, delivered from pomegranate fruits, as PJ, POMxl, and POMxp, reach equivalent levels with a delay in time
of maximum concentration of POMxp compared to PJ and POMxl.
KEY WORDS:

•

metabolites

•

plasma

•

polyphenols

•

pomegranate extracts

•

pomegranate juice

•

urine

comparison to PJ. We have recently reported on the pharmacokinetics and metabolism of pomegranate polyphenols,
after the consumption of PJ (obtained from the Wonderful
variety of pomegranate fruits), in normal healthy human volunteers.7 In humans, ETs are converted to ellagic acid (EA)
in the small intestines and absorbed with a maximum plasma
concentration observed at approximately 1 hour. EA disappears from plasma 6 hours after administration of PJ and is
then further converted by gut microflora to urolithin-A derivatives, which are metabolized by phase II enzymes and
excreted in human urine for up to 48 hours after consumption of PJ.7
Commercial PJ is obtained from the partial pressing of
whole pomegranate fruits, and polyphenol-enriched extracts
were prepared for food and dietary supplement use from additional pressing and water extraction to produce a liquid
concentrate extract (POMxl) and then further resin purification and drying to produce a powder extract (POMxp)
(POM Wonderful LLC, Los Angeles, CA). Because the
pharmacokinetics and metabolism of these pomegranate
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P

OMEGRANATE (Punica granatum L.) fruits are widely
consumed as pomegranate juice (PJ), and their health
benefits have been studied extensively in animals and humans.1–6 The pomegranate fruit is a rich source of polyphenols, most of which are ellagitannins (ETs). Pomegranate
extracts, which incorporate these major polyphenols from
the pomegranate fruit, have been developed in dry and liquid forms to provide alternative convenient sources for obtaining the bioactive polyphenols found in PJ. Despite the
commercial availability and wide consumption of pomegranate extracts in liquid and dry powder forms as supplements, there have been no studies on their bioavailability in
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polyphenol extracts have not been determined, we investigated plasma EA pharmacokinetics and urinary urolithin excretion in 16 normal healthy volunteers following adminstration of PJ, POMxl, and POMxp.

SUBJECTS AND METHODS
Reagents and instruments
All solvents were high-performance liquid chromatography (HPLC) grade from Fisher Scientific Co. (Tustin, CA).
EA, formic acid, and phosphoric acid were purchased from
Sigma-Aldrich (St. Louis, MO). The HPLC-ultraviolet (UV)
analyses were carried out on a Waters Alliance 2690 system equipped with a photo diode array detector (Waters
Corp., Milford, MA), and data handling was with Waters
Millenium version 3.02 software. The HPLC-mass spectrometry (MS) system consisted of an LCQ Classic Finnigan system (ThermoFinnigan, San Jose, CA), equipped with
an HP 1100 series (Palo Alto, CA) HPLC system consisting of an autosampler/injector, quaternary pump, column
heater, and diode array detector with Xcalibur version 1.2
software (Finnigan Corp.).

Pomegranate study materials
PJ and pomegranate polyphenol extracts, in liquid
(POMxl) and powdered (POMxp) forms, made from the
Wonderful fruit variety, are commercially available for human consumption and were provided by POM Wonderful
LLC. The compositions of PJ and the pomegranate extracts
have been previously reported.7,8 Briefly, PJ is obtained
from the first-press squeezing of whole pomegranate fruits.
POMxl is a liquid concentrated extract that is produced by
extraction of the remaining fruit residue obtained after the
first pressing for PJ. POMxp is a powdered solid obtained
from a solid-phase extraction of POMxl to produce a powder with a high concentration of polyphenols. The extracts
are proprietary standardized (to at least 90% pomegranate
hydrolysable tannins [Jess Reed, University of WisconsinMadison, Madison, WI]). The pomegranate test materials
were standardized for total phenolics, as gallic acid equivalents, by Covance Analytical Laboratories, Inc. (Madison).
Eight ounces of PJ and POMxl beverages contain 857 and
776 mg of gallic acid equivalents, respectively. One capsule
of POMxp contains 1,000 mg of dry powder and provides
755 mg of gallic acid equivalents.

Human study design
Sixteen normal healthy human subjects (five men and 11
women) with a mean age of 29.7  8.3 years old and mean
body mass index of 24.1  3.6 kg/m2 were recruited for the
study. Subjects had no clinical disease and were not on any
weight-reducing regimen as determined using a medical
history questionnaire. Subjects were asked to consume a
“polyphenol-free” diet (no fruits, vegetables, wine, tea, etc.)
and to avoid antioxidant and herbal supplements for 4 days
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prior to the study day. Female subjects were neither pregnant nor lactating. Each subject sequentially received PJ (8
ounces), followed by a 1-week washout, then POMxl (1 teaspoon diluted to 8 ounces with water with added nonpolyphenolic flavoring and colors), followed by a 1-week
washout, and then POMxp (1,000 mg of encapsulated powder of pomegranate extract). On the study day, participants,
after fasting overnight, were provided with a light breakfast
of toast with butter or cereal and low-fat milk. After 20 minutes, baseline EDTA-coagulated blood was drawn, the participants ingested the pomegranate test materials, and then
further blood samples were collected at 0.5, 1, 2, 3, 4, 6,
and 24 hours after ingestion. Participants self-collected 2 
24-hour urine samples (in 12-hour split collection) after the
administration of each test material. Participants kept urine
samples refrigerated at 4°C until delivery to our laboratory.
UCLA Institutional Review Board approval for studies with
human subjects was obtained, which complied with the
Helsinki Declaration of 1975 as revised in 1983. The protocol was fully explained to all subjects, and informed consent was obtained prior to participation.

Preparation of plasma samples
The EDTA-coagulated blood samples were centrifuged
at 3,000 g for 10 minutes at 4°C, and the plasma was quickly
removed and stored at 80°C until analyses.7 Plasma (1
mL) was adjusted to pH 2.5 with 1 mol/L potassium dihydrogen phosphate solution and 50% phosphoric acid, vortex-mixed with acetonitrile (1 mL) for 1 minute, and centrifuged at 250 g for 15 minutes at 5°C. After evaporation
to dryness at 35°C in a SpeedVac (Savant, Sunnyvale, CA),
the supernatant liquor was reconstituted in methanol (200
L) and analyzed for EA levels by HPLC-UV.

Preparation of urine samples
The 2  24-hour batch urine was collected and immediately frozen at 20°C. A urine sample (1 mL) was diluted
with H2O (2% formic acid)/methanol (9:1 vol/vol; 1 mL),
vortex-mixed for 30 seconds, and centrifuged at 3,000 g for
15 minutes at 5°C. The supernatant was filtered and analyzed for EA metabolites by HPLC-MS.

HPLC-UV analyses
Conditions were as previously reported.7 EA was purchased from Sigma, and urolithin A-glucuronide (UAG) was
isolated in our laboratory from human urine as previously
reported9 with slight modification of the use of an XAD-16
instead of an XAD-2 (Amberlite® [Rohm & Haas, Philadelphia, PA] resin, Sigma) column. The standards were individually serially diluted to afford five different concentrations, which were used for construction of calibration curves.
Each standard was injected in triplicate, and concentrations
were determined from the peak area by using the equation
for linear regression obtained from the calibration curve.
Control plasma (for EA) or urine (for UAG) was spiked with

392

SEERAM ET AL.

individual solutions, extracted, and analyzed as previously
reported.7 The calibration curve was linear (R2  0.9975)
over a concentration range of 3.3–0.05 mol/L, and the calculated lower limit of quantitation of EA and UAG was 0.01
mol/L. The recoveries of EA from human plasma were
103%, 120%, 113%, and 117% for concentrations of 1.66,
0.83, 0.42, and 0.21 mol/L, respectively.

HPLC-MS analyses
Conditions for detection of EA metabolites were as follows: column, Symmetry C-18, 100 mm  2.1 mm i.d., particle size 3.5 m (Waters Corp.); solvent A, 2% formic acid
in water; solvent B, 2% formic acid in methanol; gradient
% A in B, initial 99%, for 30 minutes 80%, for 45 minutes
60%, for 60 minutes 5%; run time 60 minutes; flow rate
0.15 mL/minute; injection volume 20 L. MS parameters
were as follows: ionization mode, electron spray ionization
in both positive and negative modes; scan range, 120–1,500
amu; scan rate 1 scan/second; cone voltage 17 eV. Peak
identities of EA metabolites were obtained by matching their
molecular ions (M-H) or (MH) obtained by electrospray ionization/MS and MS/MS with the expected theoretical molecular weights from literature data as follows:

UAG  M-H m/z 403, MS/MS  M-H m/z 227 (corresponding to urolithin A).7,9

Statistical analysis
Pharmacokinetic curves were fitted using a pharmacokinetic mixed effects model.10 The model assumed one compartment with first-order processes. The use of a mixed effects approach allowed for the simultaneous fit of individual
subject curves and estimation of population-averaged responses. This response is characterized by the area under
the plasma concentration–time curve (AUC), the peak
plasma concentration, and the time to peak concentration.
Models were constructed using WinBUGS.10 Data in the
text are mean  SD values.

RESULTS
The appearance and disappearance of EA in plasma samples was equivalent for PJ, POMxl, and POMxp based on
the pharmacokinetic parameters detailed in Table 1. EA increased in the plasma of all subjects following administration of PJ or the pomegranate extract preparations and
cleared over a 6-hour period. The pharmacokinetics of

TABLE 1. PHARMACOKINETIC PARAMETER ESTIMATES FOR EA DETECTED IN HUMAN PLASMA AFTER
CONSUMPTION OF A SINGLE DOSE OF PJ (8 OUNCES) FOLLOWED BY POMEGRANATE POLYPHENOL
LIQUID EXTRACT (POMXL, 8 OUNCES), FOLLOWED BY POMEGRANATE POLYPHENOL POWDER
EXTRACT (POMXP, 1,000 MG) WITH A 1-WEEK WASHOUT PERIOD BETWEEN TREATMENTS
Treatment, parameter

Mean  SDa

2.5% quantileb

97.5% quantileb

0.68
3.99
0.65
0.06
0.14
1.14








0.25
6.22
0.23
0.01
0.05
0.34

0.39
1.44
0.09
0.05
0.11
0.57

1.20
10.66
0.96
0.07
0.18
1.74

1.06
1.06
0.94
0.04
0.11
0.65








0.06
0.06
0.06
0.01
0.03
0.04

0.94
0.94
0.84
0.04
0.09
0.58

1.19
1.19
1.06
0.05
0.13
0.74

0.39
0.39
2.58
0.02
0.11
1.79








0.06
0.06
0.42
0.01
0.04
0.29

0.28
0.28
1.93
0.02
0.10
1.34

0.52
0.52
3.54
0.03
0.21
2.46

PJ
Ke
Ka
Tmax (hours)
Cmax (mol/L)
AUC (mol  hour/L)
t1/2E (hours)
POMx1
Ke
Ka
Tmax (hours)
Cmax (mol/L)
AUC (mol  hour/L)
t1/2E (hours)
POMxp
Ke
Ka
Tmax (hours)
Cmax (mol/L)
AUC (mol  hour/L)
t1/2E (hours)

AUC, integrated area under the curve from t  0 to infinity; Cmax, maximum concentration; Ke,
rate constant for elimination; Ka, rate constant for absorption; Tmax, time point at which maximum
plasma concentration occurs; t1/2E , elimination half-life.
aPharmacokinetic data are mean  SD values (n  16) over a 6-hour period as quantified by HPLCUV.
b95% Bayesian credible intervals (2.5th, 97.5th quantile).
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POMxp differed from those of PJ and POMxl in that plasma
EA concentration reached a maximum at either 2 or 3 hours
in different individuals compared to approximately 1 hour
for the beverages. Nonetheless, when the AUC was calculated, there were no statistical differences in the AUC for
EA after consumption of PJ, POMxl, or POMxp.
UAG, a metabolite of EA, was detected in urine samples,
reaching maximum concentrations of approximately 1,000
ng/mL and remained elevated for over 48 hours after consumption of pomegranate polyphenols (Fig. 1). In the majority of participants the excretion of urinary UAG was not
completed at 48 hours after the intervention. Future studies
will need to collect urine for an extended time period, beyond 48 hours after ingestion of pomegranate materials, to
evaluate for completion of urinary urolithin excretion.

DISCUSSION
PJ contains multiple phenolic compounds such as anthocyanins and ETs. However, ETs comprise most of the
polyphenols found in commercial PJ, POMxp, and POMxl.
Therefore the metabolism of these compounds, i.e., ETs,
were the focus of this study.7,11 In our prior study, we
demonstrated that EA appears in plasma after consumption
of PJ.7 PJ consumed daily can have significant effects on
cardiovascular biomarkers3,4 and on circulating prostatespecific antigen in prostate cancer patients,6 which is assumed to be due to the actions of EA derived from ETs and
of EA metabolites, including UAG. In the present study, we
compared the absorption of EA from PJ, POMxl, and
POMxp and the excretion of urinary UAG.
The present study confirmed the rapid absorption of EA
from PJ, POMxl, and POMxp and demonstrated that UAG
was excreted in the urine for up to 48 hours after administration of PJ, POMxl, and POMxp. EA metabolites have
been previously reported to be present in human urine up to
56 hours after PJ intake.9 Urinary EA metabolites, such as
urolithins, arise from biotransformation of EA by the intestinal microflora, which then undergo conjugation with
methyl, glucuronyl, and sulfate groups and are excreted in
the urine.7,9 In the present study, UAG was the most commonly found urinary metabolite of EA. Other urinary
metabolites, including sulfated and methylated forms of
urolithin-A, were also detected in this study (data not shown)
but with considerable interindividual variability as previously reported.7,9 Urolithin metabolism may be dependent
on bowel transit time or intestinal flora as has been defined
for soy isoflavones,12 and this deserves further study. Nevertheless, this research provides valuable knowledge about
pomegranates and metabolomics (the integrated study of
molecules produced by metabolism). It is known that the
large-bowel microflora produce many of the food or dietary
supplement compounds absorbed, metabolized, and passed
through the blood and secreted in urine and saliva.13
In summary, we were able to demonstrate that the consumption of pomegranate polyphenols delivered by PJ,
POMxl, and POMxp resulted in similar absorption of EA.

FIG. 1. Pharmacokinetic profile of UAG detected in urine samples
collected up to 48 hours after ingestion of PJ, POMxl, and POMxp.
Values are for 13 volunteers.

However, the time course of POMxp absorption was different from that of the beverages, PJ and POMxl, and clustered around two different delayed peaks of 2 hours and 3
hours compared to approximately 1 hour for PJ and POMxl.
However, despite the delayed appearance, the AUC of
plasma EA was not statistically different with PJ, POMxl,
and POMxp treatment. The delayed plasma appearance of
EA observed by our group in this study is similar to a find-
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ing from our prior study comparing a green tea extract supplement versus tea beverages.14 In that study, polyphenol
absorption following consumption of a green tea extract supplement was delayed by greater than 1 hour when compared
to tea beverages with similar amounts of total tea polyphenols.14 POMxp was administered in a gel capsule, and it is
possible that the delayed absorption was due to the time necessary to dissolve the capsule material and release the contents. There are a number of possible explanations for the
delayed absorption, but the clustering among different individuals of plasma EA at time to peak concentration of either 2 or 3 hours is interesting. There may be differences in
gut motility, in gut bacteria, or in the hydrolysis of ETs
within the stirred layer of intestinal epithelial cells.
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