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Citrus flavonoids have been investigated for their biological
activity, with both anti-inflammatory and -carcinogenic
effects being reported. However, little information is
known on the bioavailability of these compounds in vivo.
The objectives of this study were to determine the
tissue distribution of naringenin after gastric gavage of
[3H]—naringenin torats. Unlabelled naringenin was also used
to quantify the levels of naringenin and its major metabolites
in tissues and eliminated in the urine and faeces. Significant
radioactivity was detected in the plasma as well as all tissues
examined 2h post-gavage. After 18h, higher levels of
radioactivity were retained in plasma and tissues (55% of the
administered radioactivity). Investigation of the nature of
metabolites, using unlabelled naringenin, revealed that the
glucuronides were the major components in plasma,
tissues and urine, in addition to the colonic metabolite 3-(4-
hydroxyphenyl) propionic acid, detected in the urine. The
aglycone was the form extensively retained in tissues after
18h post-gavage. Total identified metabolites detected
after 18h in most tissues were only 1-5% of the
levels detected after 2h. However, the brain, lungs
and heart retained 27, 20 and 11%, respectively,
relative to the total metabolites detected at 2h. While
radioactive detection suggests increased levels of
breakdown products of naringenin after 18 h versus 2 h, the
products identified using unlabelled naringenin are
not consistent with this, suggesting that a predominant
proportion of the naringenin breakdown products at 18 h are
retained as smaller decomposition molecules which cannot
yet be identified.
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INTRODUCTION

There is considerable interest in the role of dietary
flavonoids as health beneficial agents in terms of
Cardioprotection,[1’2] cerebrovascular and neuro-
protection ! as well as chemoprevention.!®! Their
modes of action remain to be elucidated and, in
particular, the identification of the specific chemical
forms which elicit bioactivity.

Flavonoids are known to be metabolised and
conjugated during their absorption across the small
intestine ! and on circulating through the liver,"!
yielding glucuronides, methylated forms and sul-
phates. Our previous studies with naringenin have
detected the glucuronide as the major metabolite in
urine following either oral or intravenous adminis-
tration.!”! Flavonoids were also shown to undergo
colonic biotransformation to cleavage products such
as hydroxylated phenyl acetates, phenyl propionates
and benzoates."""!

Flavonoids in vitro have been shown to elicit
powerful H-donating properties,!"' ~**! as indicated
by their reduction potentials!*! and by the ability to
scavenge reactive oxygen and nitrogen species.!'>°!
Their roles in inhibiting oxidative stress-induced
activation of signalling pathways to apoptosis,
especially the flavanol epicatechin and its methyl-
ated forms!'”'®! and UV-induced necrosis, in
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particular hesperetin glucuronide, the citrus
flavanone, ' are currently proposed to be their
most likely modes of action in cytoprotection.
The contrasting abilities of structures such as the
flavonol quercetin and its in vivo methylated forms to
facilitate cell death processes via oxidative metabo-
lism in fibroblasts!®” or inhibiting AKT-dependent
cell survival pathways in neurons,”"! demonstrate
that bioactivities and cytoprotective/cytotoxic
effects in cells ex vivo are structure-dependent.

Thus, it is important to understand the distribu-
tion of flavonoids in vivo, to delineate the forms in
which they access tissues and the influence of time
on their retention and metabolism at the target sites.
Our previous studies have demonstrated the ability
of epicatechin, and its physiological form epicatechin
glucuronide and methylated glucuronide to reach
the brain.*?! In the present study, we have
investigated the distribution of naringenin to heart,
brain, lungs, spleen, liver and kidneys, in relation to
the levels of the circulating forms of naringenin and
those in the gastrointestinal tract, following gastric
gavage of [*H]-naringenin. The nature of the
conjugates/metabolites of naringenin accessing
these tissues has also been assessed following gastric
gavage with unlabelled naringenin.

MATERIALS AND METHODS

Chemicals

Ring—[3H]—naringenin (4',5,7-trihydroxyflavanone),
was custom-synthesised by Amersham Biosciences
(Buckinghamshire, UK). Radiochemical purity was
established to be 98.3% using HPLC analysis.
Specific activity determined by mass spectrometry
was 37.0GBq/mmol (1Ci/mmol). Naringenin,
3-(4-hydroxyphenyl) propionic acid (p-HPPA),
3,4-dimethoxycinnamic acid, trichloroacetic acid,
B-glucuronidase enzyme (type L-II from Limpets)
and sulfatase enzyme (type H-5 from Helix pomatia)
were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). Sodium acetate and o-phosphoric acid
(85%) were obtained from BDH laboratory
Supplies (Poole, Dorset, UK). Acetonitrile (HPLC
grade), acetone, and methanol were purchased
from Rathburn Chemicals Ltd. (Walkerburn,
Scotland, UK).

Animals and Sample Preparation

The study used 250g male Sprague-Dawley rats
obtained from the Comparative Biology Unit at the
Royal Free amp; University College Medical School,
and maintained on standard rat chow (Diet RM1, SDS
Ltd, Witham, Essex, UK). Rats (n = 9/group) were
administered via gastric gavage, 10 or 50 mg/kg body

weight naringenin containing [°H]-naringenin (dis-
solved in 1 m1 50% ethanol), the final specific activities
being 0.496 and 0.1 MBq/ wmol, respectively. Animals
were killed either 2 or 18 h following gavage. Similar
experiments were performed whereby two additional
groups of rats received unlabelled naringenin
(50 mg/kg) for the same time intervals. Three animals
from each group served as controls and received only
50% aqueous ethanol. In all groups, animals were
fasted for 4 h prior to gavage.

At 2 or 18 h post-gavage, animals were anaesthe-
tised with intraperitoneal pentobarbitone sodium
(90mg/kg; Sagital; Rhone-Merieux, Harlow, Essex,
UK). Heparin (0.3ml, 5000 .U./ml; CP Pharmaceu-
ticals Ltd, Wrexham, UK) was injected into a tail vein
and 2 ml of blood was removed by cardiac puncture
and stored in heparinized tubes. Animals were then
exsanguinated with 200 ml ice-cold heparinized 0.9%
(w/v) saline and the organs under study (liver,
kidneys, spleen, heart, small intestine, large intes-
tine, lung and brain) were rapidly removed. Plasma
was obtained by centrifugation of blood at 600g for
30min. The haemoglobin concentration of the
cardiac blood sample and exsanguinated fluid was
measured using a haemoglobin assay kit (Sigma,
Poole, Dorset, UK). These data allowed blood
volume to be calculated, the latter being equal to
total amount of haemoglobin recovered divided by
its concentration in the cardiac blood sample. Total
haemoglobin was determined from the volume of
perfusate collected after exsanguination together
with the concentration of haemoglobin in this
mixture. The removed tissues were weighed and
then homogenized in ice-cold 0.9% (w/v) saline
(10vol/g tissue) using a Ultra Turrax homogeniser
(Janke & Kunkel, FRG) for 40s at half speed. For the
18-h experiments, urine and faeces from rats housed
in metabolic cages were collected. Intestinal contents
were obtained by finger pressure applied to the
intestinal wall, followed by flushing with 0.9% (w/v)
saline alone and then saline containing a 10-fold
excess of unlabelled naringenin. The contents were
retained for measurement of radioactivity.

Measurement of Radioactivity

Plasma (100 pl) or tissue homogenate (400 wl)
was mixed with 4ml of Ultima Gold scintillation
cocktail (Packard Biosciences, UK) designed to
withstand quenching and to solubilise protein, before
a determination of radioactivity using a Packard
Liquid Scintillation Counter (Tri-Carb 2900TR). Data
for organ weight and DPM of digested sample,
allowed calculation of organ content of radioactivity
after 2 or 18 h. Percentage detected in each organ was
then calculated. Percentage excretion was similarly
determined in urine and faeces collected for 18h
following naringenin administration.
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Autoradiography

Autoradiography was performed on tissue taken
from rats gavaged with 50mg/kg naringenin,
containing [*H]-naringenin (specific activity
1MBq/pmol). Tissues were fixed in vivo using
400ml of 4% glutaraldehyde (in PBS with 2%
sucrose), removed from the animal and post-fixed
overnight at room temperature in 4% formal saline.
Tissues were then dehydrated, mounted in wax and
sectioned at 7 pm using a sledge microtome (Anglia
Scientific, Cambridge, UK). Sections were adhered to
the slides by over-night heating at 60°C, followed by
dewaxing, re-hydration and drying. Slides were
dipped in molten nuclear emulsion (K2; Ilford,
Moberly, Cheshire, UK), laid flat on an ice-cold
platform to set and stored in the dark at room
temperature for 7 days. Slides, developed in Kodak
D19, fixed in Hypam (Ilford, Moberly, Cheshire, UK)
and counterstained using haemotoxylin and eosin,
were viewed using a Leica DMR and photographed
using a Nikon Coolpix 990.

Extraction of Plasma and Tissues for HPLC
Analysis

Plasma (300 pl) was deproteinised with 60 ul 20%
(w/v) trichloroacetic acid and then extracted with
300 wl ice-cold acetone. The extract obtained follow-
ing centrifugation was evaporated to dryness under
nitrogen and the residue dissolved in 300 ul 20%
(v/v) methanol in 1% (w/v) acetic acid for
quantitative HPLC analysis. For B-glucuronidase
enzyme treatment, plasma was mixed 100mM
sodium acetate buffer (pH 3.8) containing B-glucuro-
nidase enzyme (final enzyme concentration of
2000 unit/ml). Samples were incubated for 1h in a
shaking water bath at 37°C and extraction was
undertaken as described above. Another aliquot of
plasma was alternatively deproteinised and
extracted using an equal volume of ice-cold
methanol and the obtained extract treated as
previously described.

Extraction of naringenin and its metabolites from
rat tissues was performed by mixing the homogen-
ates with equal volume of ice-cold methanol
followed by vigorous vortexing for 1min. The
methanolic extract obtained after centrifugation
was dried under vacuum at 30°C by rotary
evaporation and then the extracts were treated as
described above. Additional aliquots of small
intestine tissue homogenates were subjected to
sulfatase enzyme treatment (100 U/ml) in sodium
acetate buffer (pH 5.0) for 2h.

Quantitative determination of naringenin and
its metabolites was based on external standards.
An internal standard (IST) 3,4-dimethoxycinnamic
acid was added to the samples before extraction and

to the external standards to give a final concentration
of 5 M. Calibration curves were conduced over the
range of 0.3-10 uM for plasma and tissue samples
and up to 500 uM for urine samples. Peak area ratios
(compound/IST) were plotted against concentration
of the compound/metabolite. Calibration curves
thus obtained were linear over the entire range with
correlation coefficient values =0.995. Recovery
experiments using control plasma and tissue
homogenates spiked with unlabelled standards,
showed 85 and 100% recovery for naringenin, and
3 (4-hydroxyphenyl) propionic acid, respectively,
using the described method. Applying the same
extraction and evaporation procedure to plasma and
tissue samples obtained from [*H]-naringenin-fed
animals resulted in a remarkable loss of pre-
evaporation counts, which was observed to differ
between 2 and 18 h samples. Evaporated extracts of
2h plasma retained approximately 12.4% of counts
detected in original plasma, while 18h samples
retained only 0.7%. Similarly, 2h tissue extracts
retained 37.7% while 18h samples retained only
10.4% of original activity.

Urine Samples for HPLC Analysis

Urine samples were either filtered through a
micropore filter (MILLEX-GP, 0.22 pm filter unit) or
extracted with an equal volume of methanol prior to
quantitative HPLC analysis. For B-glucuronidase
treatment, urine was mixed with an equal volume of
sodium acetate buffer (pH 3.8) containing
12,000U/ml of enzyme and incubated for 2h at
37°C before analysis.

Sample Purification for GC-MS

Urine samples or extracted faeces were diluted with
1 ml of water/methanol/acetic acid (94/5/1 v/v/v)
and then applied to a C-18 cartridge (Waters
Sep-Pak) pre-washed with 3ml of methanol and
pre-conditioned by washing with 6ml water/
methanol/acetic acid (94/5/1 v/v/v). Following
the sample application, the cartridge was washed
with 6 ml water/methanol/acetic acid (94/5/1v/v/
v) and the polyphenols eluted from the cartridge
material with 3ml methanol. The SPE extract was
dried under nitrogen, and the residue used for
GC-MS analysis.

HPLC Analysis

HPLC analysis used a Waters system consisting of
controller 600, auto sampler 717 plus, photodiode
array detector 996, and on-line degasser. Samples
were analysed on a Phenomenex Luna Phenyl-Hexyl
column, 4.6 X 150 mm, with 5 wm particle size and a
guard column of the same material, 4.6 X 15mm.
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Column temperature was set at 30°C. Mobile phase
A consisted of water/85% o-phosphoric acid
(99.5/0.5 v/v) and mobile phase B of acetonitrile/
water/85% o-phosphoric acid (50/49.5/0.5). The
gradient applied was as follows: from 0 to 5min
90% A and 10% B, from 5 to 40 min to 100% B, from
40 to 45min 100% B, and from 45.1 min 90% A and
10% B. Run time was 50 min followed by a 10 min
delay prior to the next injection. Injection volume
was 75 pl for plasma and tissue samples and 50 pl for
urine samples. Components were identified accord-
ing to retention times (RT), UV /visible spectra and
spiking with commercially available relevant stan-
dards. Quantification of naringenin and naringenin
glucuronides was undertaken at 300nm, and for
3-(4-hydroxyphenyl) propionic acid at 220 nm.

LC-MS Analysis

The samples were analysed using a Finnigan LCQ
Deca XP quadrupole ion trap mass spectrometer.
Separation was performed using a C18 column
(50mm X 2.5 mm, Phenomenex) with the following
gradient (Phase A: 0.1% (w/v) formic acid in water,
phase B: 50% (w/v) acetonitrile in water, 0.1% formic
acid). The LC-MS gradient was 0-5min 100% A,
5-40 min from 100% A to 50% A, 40—60 min to 0% A,
60-65min 0% A. Compounds were detected using a
full ion scan and identified by performing product
ion scans on selected ions.

GC-MS Analysis

The samples, purified and dried as described earlier,
as well as standard compounds, were dissolved in
50 pl dry acetonitrile and 20 pl N-(t-butylydimethyl-
silyl)-N-methyltrifluoroacetamide (TBDMS) contain-
ing 1% (w/v) N-(t-butylydimethylsilyl)-N-
methyltrifluoroacetamide chlorosilane (TBDMSCL).
After 30 min, 10 ul of the derivatized samples were
dried under nitrogen and dissolved in 20pul
undecane before analysis by a Fisons GC8000 gas
chromatography using a DB-1701 column and a
Fisons Trio 1000 with EI positive and full scan mode.

Calculations and Statistics

Values are given as means * standard error of the
mean (SEM). Statistical analysis was performed
using an unpaired t-test (Instat) and considered
significant at P < 0.05.

RESULTS
Distribution of Radioactivity in Rat Tissues After
Administration of [*H]-naringenin

Figure la demonstrates the overall recovery of
[SH]—naringenin radioactivity, 2 and 18h following

gastric gavage. These values were representative of
[3H]—naringenin detected in the brain, lungs, heart,
liver, spleen, kidney, plasma and intestinal contents,
including the faeces for the 18-h experiments. The
failure to recover 100% of the gavaged counts is likely
to be a consequence of accumulation of the flavonoid
and its metabolites in the skin, muscle, testis, fat and
adipose tissue, none of which was included in the
present study. Approximately 87% of the adminis-
tered dose was shown to disappear from the
gastrointestinal tract 18h after gavage (Fig. 1b),
which was significantly higher than that seen 2h
post-gavage (47%). This amount of radioactivity is
assumed to enter the animal from the intestinal tract.
However, as shown in Fig. 1c, lower amounts were
found in the tissues examined, particularly 2h post
gavage, again implying that radioactivity was present
in tissues not studied during the present work.

The percentage of the gavaged [’H]-naringenin that
was detected in each of the excised tissues plus the
plasma, urine and faeces is shown in Table I. At 18 h
post-gavage, the highest level of [’H]-naringenin and
metabolites was detected in the urine, demonstrating
that the compound is efficiently excreted by
the kidney. Relative to the plasma, lower levels of
[3H]—naringenin and metabolites were detected in
the tissues. The percentage detected in all tissues
and body fluids calculated as the percentage of
that gavaged was not different when comparing the
50mg/kg with 10mg/kg dose. However, signifi-
cantly higher levels of radioactivity were seen at 18 h
compared to 2 h in most tissues, but specifically in the
brain and heart, reaching approximately 10-fold of
those found at 2h post-gavage.

Autoradiographs clearly demonstrated the pre-
sence of radioactivity within blood vessels of all
tissues studied but not within cells of these tissues
(Fig. 2). In small intestine, silver grains were also
noted in the lacteals of villi whilst in the kidney,
strong radioactivity was detected in the tubular
lumen and peritubular fluid. In the liver, silver grains
were noted in the sinusoids. For all tissues, the
adequacy of the vascular perfusion technique is
evidenced by the noticeable absence of red blood
cells within blood vessels.

Identification of Naringenin Metabolites
in Rat Tissue Extracts

Analysis of plasma and tissue extracts after gavage
of unlabelled naringenin was carried out using
HPLC with photodiode array detection, followed by
LC-MS. In all experiments, purified standard
naringenin glucuronides (a mixture of 5- and 7-0-3-
glucuronides), previously-synthesized, ! were used
to aid identification of comparable peaks in
samples. A standard mixture of the glucuronides,
the naringenin aglycone, and 3-(4-hydroxyphenyl)
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FIGURE 1 (a) Recovery of [*H]-naringenin activity at 2h and 18h post-gavage. The summated total counts detected in excised tissues,
plasma, intestinal contents, faeces and urine were expressed as a percentage of the gavaged DPM. (b) Calculated total absorption of [*H]-
naringenin at 2h and 18h post-gavage, expressed as the amount of radioactivity of the gavage solution, which disappeared from the
gastrointestinal lumen. This was calculated by subtracting the DPM of the intestinal contents (and faeces for 18 h experiments) from that in
the gavage solution and the difference expressed as a percentage of the gavaged counts. (c) Accumulation of [’H]-naringenin in all excised
tissues, urine and plasma (but not intestinal flushes and faeces) at 2h and 18 h post-gavage. This data was calculated as total DPM detected
as a percentage of the [3H]—naringenin DPM gavaged. In all cases, values represent the mean + SEM of 9 animals per group. Significant

from the same dose at 2h at *P < 0.05, and **P < 0.001.

propionic acid together with the internal standard,

were included in all HPLC runs.

Representative chromatographic profiles of small
intestinal and brain extracts are shown in Fig. 3a and b,

respectively. HPLC analysis of most tissues as well as

plasma taken from animals 2h after dosing with

TABLE1 Levels of [’H]-naringenin in tissues, plasma, urine and faeces

naringenin, revealed 2 peaks (1,2) which had the same
UV spectra and retention times as naringenin-5- and

2h 18h

10mg/Kg 50mg/Kg 10mg/Kg 50mg/Kg
Brain 0.026 * 0.007 0.017 = 0.003 0.24 = 0.10* 0.15 = 0.04**
Lung 0.025 + 0.004 0.025 + 0.005 0.095 + 0.026* 0.086 *+ 0.030
Heart 0.013 = 0.002 0.013 = 0.002 0.12 = 0.05 0.12 = 0.04*
Liver 0.79 = 0.16 0.68 = 0.08 1.30 = 0.45 1.35 + 0.44
Spleen 0.008 = 0.001 0.01 = 0.004 0.068 + 0.023* 0.071 = 0.015**
Kidney 0.16 = 0.04 0.12 = 0.02 0.42 = 0.14 0.32 = 0.07*
Small intestine 1.62 + 0.31 0.86 = 0.26 0.39 + 0.14** 0.95 + 0.55
Large intestine 0.12 = 0.03 0.08 = 0.02 0.25 +0.13 0.16 = 0.03
Plasma 494 +3.63 144 = 0.21 7.75 = 2.55 9.18 * 2.60*
Faeces - - 2.58 = 0.44 7.31 = 2.63
Urine - - 4211 =129 41.69 * 14.9

Levels were calculated as a percentage of that gavaged and expressed as the mean + SEM of 9 animals per group. Significant difference between same dose at
2h and 18h at *P < 0.05 and **P < 0.001.
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Small intestine

f

FIGURE 2 Autoradiographs of tissue sections obtained from rats at 2h after gastric gavage of [*H]-naringenin after staining with
haemotoxylin and eosin. Arrows show grains representing the presence of [*H]-naringenin in the blood vessels and also lacteals in the
intestine. Arrowhead shows grains in tubular fluid in kidney. Scalebar = 50 pm.

7-0-B-glucuronides, at RT 29.6 and 30.3 min, respect-
ively and peak (6) corresponding to naringenin, at RT
38.2min. Further confirmation of identification was
provided by spiking with purified standards as well as
by treatment with 3-glucuronidase. Following enzyme
treatment, peaks attributed to the glucuronides,
disappeared and a corresponding increase was
observed in the naringenin aglycone peak. In some
tissue samples, including the brain (Fig. 3b), it was
possible to detect only the naringenin-5-0--glucuro-
nide (peak 1) and naringenin (peak 6). The HPLC
profiles for control samples revealed no trace of these
peaks.

LC-MS analysis of samples, relative to standards,
confirmed the presence of the aforementioned
metabolites detected by HPLC. Two abundant
signals at m/z = 449, and m/z = 273, corresponding
to naringenin glucuronides and aglycone, respect-
ively, were detected. The product ion spectrum of
m/z = 449 led to an intense signal of m/z = 273, on
fragmentation, consistent with an assignment to
naringenin, after a neutral loss of glucuronic acid
(Fig. 4) and consistent with signals from the relevant
standard compounds.

In the small intestine, however, 4 additional
peaks (peaks 3, 4, 5 and 7), having similar UV
spectra to naringenin, were detected at RT 32, 32.8,
35.7, and 41.2min, respectively (Fig. 3a). Treatment
with B-glucuronidase resulted in the disappearance
of peaks 5 and 7, confirming that these peaks are
also glucuronide conjugates of naringenin-related
metabolites. Peak 4 disappeared only after sulfatase

enzyme treatment but because the enzyme also
possesses B-glucuronidase activity, it is only
possible to assume that this peak corresponded to
either a sulfo- or glucurono-sulfoconjugated deriva-
tive. However, peak 3 was resistant to hydrolysis
with both enzymes. LC-MS investigations of the
identity of peaks 3, 4, 5, and 7 showed a strong
signal of m/z = 479, eluting earlier than naringenin,
and thus more polar. This mass could not account
for a sulpho- or glucurono-sulfoconjugate of
naringenin. In addition, the product ion spectrum
of this peak did not show any signal corresponding
to loss of glucuronic acid or sulphate moiety. Based
upon these data, combined with enzyme experi-
ments, it thus seems likely that this peak m/z = 479
corresponded to peak 3 detected by HPLC.
Another signal of m/z =426 was detected and
assigned to peak 7 as shown in the HPLC trace,
since it is the only peak that eluted after
naringenin. However, the exact identity of these
metabolites was not elucidated.

In addition to the identification of the glucur-
onides and aglycone, HPLC analysis of urine and
faecal samples, collected for 18h following narin-
genin administration, revealed a peak corresponding
to 3-(4-hyroxyphenyl) propionic acid which was
clearly detected using PDA detection at 220nm
(Fig. 3c). GC-MS analysis was used to confirm the
precise identity of this phenolic acid in urine by
comparing the mass spectra and retention times with
standard data after derivatization with TBDMS
(Fig. 5).
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FIGURE 3 Representative chromatograms of tissues obtained from naringenin-gavaged rats. (a) Small intestine extract at 300 nm. Peaks:
(1, 2) naringenin-5-and 7-O-B-D-glucuroindes, (3, 4, 5, 7) unidentified, (6) naringenin. (b) Brain extract at 300 nm. (c)] Enzyme-treated urine
at 220 nm. Peaks: (8) p-hydroxyphenyl propionic acid. [IST] internal standard.

Concentration of Naringenin and its Metabolites in
Plasma and Tissue Extracts

The concentrations of naringenin and its identified
metabolites were measured in plasma and tissue
extracts of rats 2 and 18h following gavage of
naringenin at a dose of 50 mg/kg body weight. In the
plasma, the main metabolites detected after 2h were
naringenin-o-B-D-glucuronides, reaching concen-
trations of 5uM, which constituted 98% of total
detected metabolites in plasma (Fig. 6a). These
glucuronides were quantified from the increase in
naringenin peak after enzyme treatment. In most of

the tissues, the detected metabolites 2 h post-gavage
were mainly glucuronides. However, the naringenin
aglycone was detected at higher levels in tissues
compared to the plasma. Highest levels of metabo-
lites were found in the small intestine followed by
the kidney, liver and lungs. To eliminate the
possibility that the detected aglycone was derived
from the breakdown of glucuronides during extrac-
tion, recovery experiments were performed, which
showed the stability of the purified glucuronide
standard spiked onto control tissue and treated with
the same extraction procedure.
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FIGURE4 MS/MS spectrum of naringenin-O-glucuronide detected in the small intestine of rats 2 h following gastric gavage of 50 mg/kg
body weight of naringenin. The spectrum shows a single fragment at m/z = 273, the [MTH*]* ion of the aglycone, indicating the neutral
loss of glucuronic acid. The insert shows the spectrum of the base peak (M H*]*).

Contrary to the metabolites identified 2h post-
gavage, the detected metabolites in plasma and
tissues after 18 h were mainly the aglycone (Fig. 6b).
Total metabolites detected after 18 h in most tissues
were only 1-5% of the levels detected after 2h.
However, the brain, lungs and heart still retained to
27, 20 and 11% relative to the total identified
metabolites detected at 2h, respectively. It has to be
noted that this time-dependant changes in the
concentration of naringenin aglycone and glucuro-
nide might not apply to other unidentified

metabolites, since the radioactive data obtained
from plasma and tissue homogenates before extrac-
tion and evaporation revealed an increase in total
counts at 18 h compared to 2h. As revealed from the
recovery experiments performed on radioactive
plasma and tissue samples, these metabolites are
likely to be small volatile breakdown molecules, lost
from the extracts and thus could not be detected and
identified.

The amounts of naringenin and its metabolites
excreted in urine and faeces collected during
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FIGURE 5 Mass spectrum of the derivatized derivatives of p-hydroxyphenyl propionic acid as detected in urine. The spectrum shows a
signal at m/z = 394 (M") and a major fragment at m/z = 337, resulting from the loss of a t-butyl group of the derived compound.
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FIGURE 6 Concentrations of naringenin and its metabolites in plasma and tissues obtained at 2h (A) and 18 h (B) after gastric gavage of
50 mg/kg naringenin. Panels show concentration of naringenin in its free and conjugated forms extracted and quantified by HPLC with
PDA detection. Left scale indicates levels in all tissues while right scale (italics) shows levels in the small intestine. Values are expressed as

mean * SEM, n = 6.

the 18h following gavage of naringenin are
shown in Table II. High levels of naringenin
metabolites, greater than 3 wmol, were detected in
a total urine volume of 6.3 ml, compared to lower
total amounts (0.5 umol) in 7.3 g faeces. The results
show, however, that urinary glucuronide excretion
was approximately double that of free naringenin,
but in faeces the naringenin excretion was
more than double that of glucuronides. High
levels of the phenolic acid p-HPPA were detected

in both urine and faeces (0.48 and 0.31 umol/18h,
respectively).

DISCUSSION

Much recent attention has been given to the
biological activity of dietary flavonoids. Epidemio-
logical studies have indicated a protective relation-
ship between the consumption of citrus fruits or

TABLE II Excretion of naringenin and its metabolites 18 h after the oral administration of 50mg/kg body weight of naringenin.

Values are mean *+ SEM, n = 8 rats

Urine (ml) (6.3 = 1.6)

Faeces (g) (7.3 + 0.49)

Excretion (pnmol) Pre-gavage Post-gavage Pre-gavage Post-gavage
Total metabolites* ND 3.13 £ 0.22 ND 0.33 £ 0.11
Naringenin ND 0.88 = 0.35 ND 0.13 = 0.04
Naringenin glucuronides ND 1.83 £ 0.26 ND 0.05 = 0.02
p-Hydroxyphenyl propionic acid 0.06 = 0.012 0.48 = 0.09 0.14 = 0.066 0.31 = 0.08

ND, Non-detectable. * The total metabolites are calculated as the sum of (free naringenin + glucuronides + increase in p-hydroxybenzoic acid above control

levels). Calculations were made on individual animal data not on mean values.
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juices and the risk of ischemic stroke**! and lung

cancer.'?”! Feeding of naringenin, a citrus flavanone,
to rats was previously reported to result in high
detectable levels in plasma, reaching concentrations
of 40 .M under certain conditions.” However, little
information on the distribution of naringenin and
associated metabolites to tissues is available. Few
studies have provided evidence for the localization
of the citrus flavonoids, naringenin and hesperetin
within the brain,'***”! but only after intravenous
injection and thus, are not representative of normal
dietary consumption and the effects and conse-
quences of gastrointestinal metabolism. The present
study reports, for the first time, the uptake and tissue
distribution of naringenin and its metabolites after
oral administration of this flavanone.

The finding that the glucuronide conjugates
constitute 98% of plasma metabolites is consistent
with previous studies involving naringenin!®®! or
other flavonoids,* showing that glucuronidation
is the first major metabolic step post-absorption.
It is interesting that the plasma levels of metabolites,
shown here reaching 5uM at 2h post-gavage of
50mg/kg naringenin, are similar to plasma concen-
trations of naringenin in healthy human volunteers
after ingestion of grape fruit juice.*”! The results also
show that naringenin glucuronides are the main
metabolites detected in urine collected for 18 h post-
gavage, although p-HPPA, a colonic metabolite of
naringenin, is also detected at high levels in urine.
A previous study, using an in vitro model of the
human colon, has demonstrated the formation of this
phenolic acid by the activities of the intestinal
microflora on naringenin."! Our results showing the
appearance of this phenolic product in urine 18h
after gastric gavage supports the conclusion that
ingested naringenin was hydrolysed by the colonic
microflora, leading to the formation of easily
absorbed flavonoid ring fission products.

The nature of metabolites in plasma suggests that
the glucuronidated conjugates are the only metab-
olites likely to reach the tissues. Indeed, we found
moderately high levels of naringenin glucuronides in
liver, kidney, heart and brain. However, compared to
the plasma, even though the glucuronides are the
major metabolite, a higher ratio of naringenin
aglycone to total metabolites is detected in the
tissues. The likelihood that glucuronides enter tissue
cells is low, owing to the increased polarity that
reduces their ability to cross the lipid cell membrane.
It is possible that naringenin glucuronides could be
hydrolysed by tissue B-glucuronidase, resulting in
the penetration of free naringenin into the tissues,
followed by subsequent conjugation with glucuronic
acid. This assumption is also plausible because of the
presence of both UDP-glucuronosyltransferase and
B-glucuronidase in close subcellular proximity
within hepatocytes® and cells of other organs.*>**!

Our results have also shown a longer retention of the
aglycone form compared to glucuronides over 18h
by most of the tissues, but mainly by the brain and
lungs. It is probable that the higher rate of excretion
of glucuronides is responsible for these differences.
The idea that the aglycone form could be released
from its glucuronide is supported by studies
showing that beta-glucuronidase could be useful in
tumour specific bio-activation of glucuronidated
pro-drugs of anticancer agents.*!

Our findings of the detection of radioactivity in all
tissues under study, showed that the radioactivity
associated with naringenin and its cleavage products
was retained by the tissues extensively. However,
autoradiography demonstrated the presence of
radioactivity in blood vessels but not cells of these
tissues. The marked absence of blood cells within
blood vessels implies that radioactivity within
vessels is due to its binding to the endothelial layer.
Although radioactivity overlying cells was similar to
background level, it cannot be conclusively stated
that cell uptake of naringenin or its metabolites did
not occur, since the amounts involved may be below
the detection level of autoradiography. It may also be
possible that cells possess mechanisms for exporting
these substances back to the extracellular fluid or
they may be retained extracellularly by binding to
cell membrane components. In this context, it has
been shown that naringenin, kaempferol and
quercetin-3-0-B-D-glucoside bind to benzodiazepine
binding sites of different receptors, including the
GABA-A-receptor.®®! It has also been demonstrated
that, despite no detectable cell uptake of hesperetin
glucuronides by FEK4 fibroblasts, these conjugates
were able to elicit cytoprotective effects against UVA-
induced necrotic cell death.!™”!

Similar amounts of radioactivity by the tissues and
plasma, calculated as percentage of the given dose,
was observed at the two very different gavaged
doses of naringenin suggests a dose-dependent
relationship between consumption levels of this
flavanone and its tissue or body fluid level. A similar
effect has also been demonstrated between plasma
concentration of epicatechin and the amount of oral
dose of pure compound given to rats'*”) or the degree
of consum]ption of procyanidin-rich chocolate by
humans.*®

While high levels of radioactivity were detected in
the urine, implying its efficient excretion, plasma and
tissue radioactivity levels at 18 h post-gavage did not
decline compared to 2h. The extent of this absorp-
tion, expressed by the exceptionally high levels of
radioactivity incorporated into the tissues, is far
greater than that may have been envisaged from
studies applying unlabeled flavonoids. In accord-
ance with our findings with the unlabelled narin-
genin, plasma kinetic studies of polyphenols have
previously shown that peak levels of administered
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compounds and their metabolites are often reached
between 2 and 4h following consumption, both in
animals® and humans.*! More specifically, the
plasma concentration of naringenin metabolites was
found to decline to its initial pre-consumption level
2 h following feeding of naringenin-enriched diet to
rats”®! and 14 h following intake of orange juice by
human subjects.® The contradiction between these
reports and the results of the present study provide
strong evidence for the existence of further
unidentified metabolites of naringenin, which are
either absorbed slowly or strongly retained by body
organs. The use of [3H]—naringenin allowed us to
assess to what extent flavanones and their possible
metabolites accumulate in tissues where they might
be expected to exert their biological effects.

In conclusion, our findings show that 2h after
gastric gavage of naringenin to rats, glucuronide
metabolites were the major components in plasma
and tissues. After 18h, total levels of the aglycone
form and glucuronides in plasma and tissues
were significantly lower, and the aglycone was
predominant form detected. The colonic metabolite
3-(4-hydroxyphenyl) propionic acid was also elimi-
nated after 18 h, particularly in the urine. Radioactive
detection suggests increased levels of breakdown
products of naringenin after 18 h compared to 2h, in
contrast to LC detection of unlabelled naringenin
and its metabolites, suggesting that a substantial
proportion of the breakdown products of naringenin
at 18h, are retained as smaller cleavage products
which have not yet been identified. This indicates the
importance of considering absorbed metabolic
products formed at a later stage, possibly in the
colon, when investigating the potential biological
activity of flavonoids.

Acknowledgements

CR-E, ESD, SKS and GG acknowledge the Food
Standards Agency (Contract TO1020) for financial
support for this research.

References

[1] Hertog, M.G., Kromhout, D., Aravanis, C., Blackburn, H.,
Buzina, R., Fidanza, F., Giampaoli, S., Jansen, A., Menotti, A.,
Nedeljkovic, S., et al. (1995) “Flavonoid intake and long-term
risk of coronary heart disease and cancer in the seven
countries study”, Arch. Intern. Med. 155, 381-386.

[2] Hollman, P.C., Hertog, M.G. and Katan, M.B. (1996) “Role of
dietary flavonoids in protection against cancer and coronary
heart disease”, Biochem. Soc. Trans. 24, 785-789.

[3] Joseph, J.A., Shukitt-Hale, B., Denisova, N.A., Prior, R.L., Cao,
G., Martin, A., Taglialatela, G. and Bickford, P.C. (1998)
“Long-term dietary strawberry, spinach, or vitamin E
supplementation retards the onset of age-related neuronal
signal-transduction and cognitive behavioral deficits”,
J. Neurosci. 18, 8047—-8055.

[4] Knekt, P, Kumpulainen, J., Jarvinen, R., Rissanen, H.,
Heliovaara, M., Reunanen, A., Hakulinen, T. and

Aromaa, A. (2002) “Flavonoid intake and risk of chronic
diseases”, Am. |. Clin. Nutr. 76, 560—568.

[5] Youdim, K.A., Spencer, J.P., Schroeter, H. and Rice-Evans, C.
(2002) “Dietary flavonoids as potential neuroprotectants”,
Biol. Chem. 383, 503-519.

[6] Galati, G., Teng, S., Moridani, M.Y., Chan, T.S. and O’Brien,

PJ. (2000) “Cancer chemoprevention and apoptosis mechan-

isms induced by dietary polyphenolics”, Drug Metabol. Drug

Interact. 17, 311-349.

Spencer, J.P., Chowrimootoo, G., Choudhury, R., Debnam,

E.S., Srai, S.K. and Rice-Evans, C. (1999) “The small intestine

can both absorb and glucuronidate luminal flavonoids”, FEBS

Lett. 458, 224-230.

[8] Scheline, R.R. (1991) CRC Handbook of Mammalian Metabolism
of Plant Compounds (CRC Press, Boca raton, FL).

[9] Choudhury, R., Srai, S.K., Debnam, E. and Rice-Evans, C.A.
(1999) “Urinary excretion of hydroxycinnamates and flavo-
noids after oral and intravenous administration”, Free Radic.
Biol. Med. 27, 278-286.

[10] Rechner, A.R., Kuhnle, G., Bremner, P., Hubbard, G.P., Moore,
K.P. and Rice-Evans, C.A. (2002) “The metabolic fate of dietary
polyphenols in humans”, Free Radic. Biol. Med. 33, 220-235.

[11] Bors, W., Michel, C. and Stettmaier, K. (1997) “Antioxidant
effects of flavonoids”, Biofactors 6, 399-402.

[12] Castelluccio, C., Bolwell, G.P., Gerrish, C. and Rice-Evans, C.
(1996) “Differential distribution of ferulic acid to the major
plasma constituents in relation to its potential as an
antioxidant”, Biochem. ]. 316, 691-694.

[13] Rice-Evans, C.A., Miller, N.J. and Paganga, G. (1996)
“Structure-antioxidant activity relationships of flavonoids
and phenolic acids”, Free Radic. Biol. Med. 20, 933—-956.

[14] Jovanovic, S.V. and Simic, M.G. (2000) “Antioxidants in
nutrition”, Ann. NY Acad. Sci. 899, 326—-334.

[15] Pannala, A.S., Rice-Evans, C.A., Halliwell, B. and Singh, S.
(1997) “Inhibition of peroxynitrite-mediated tyrosine
nitration by catechin polyphenols”, Biochem. Biophys. Res.
Commun. 232, 164—168.

[16] Oldreive, C., Zhao, K., Paganga, G., Halliwell, B. and Rice-
Evans, C. (1998) “Inhibition of nitrous acid-dependent
tyrosine nitration and DNA base deamination by flavonoids
and other phenolic compounds”, Chem. Res. Toxicol. 11,
1574-1579.

[17] Schroeter, H., Spencer, J.P., Rice-Evans, C. and Williams, R.].
(2001) “Flavonoids protect neurons from oxidized low-
density-lipoprotein-induced apoptosis involving c-Jun N-
terminal kinase (JNK), c-Jun and caspase-3”, Biochem. ]. 358,
547-557.

[18] Spencer, ].P,, Schroeter, H., Kuhnle, G., Srai, S.K., Tyrrell, RM.,
Hahn, U. and Rice-Evans, C. (2001) “Epicatechin and its
in vivo metabolite, 3'-O-methyl epicatechin, protect human
fibroblasts from oxidative-stress-induced cell death involving
caspase-3 activation”, Biochem. |. 354, 493—-500.

[19] Proteggente, A.R., Basu-Modak, S., Kuhnle, G., Gordon, M.].,
Youdim, K.A., Tyrell, R. and Rice-Evans, C. (2003) “Hesper-
etin glucuronide, a photoprotective agent arising from
flavonoid metabolism in human skin fibroblasts”, Photochem.
Photobiol. 78, 256—261.

[20] Spencer, J.P., Kuhnle, G.G., Williams, R.]. and Rice-Evans, C.
(2003) “Intracellular metabolism and bioactivity of quercetin
and its in vivo metabolites”, Biochem. |. 372, 173—181.

[21] Spencer, ].P.,, Rice-Evans, C. and Williams, R.J. (2003)
“Modulation of pro-survival Akt/PKB and ERK1/2 signal-
ling cascades by quercetin and its in vivo metabolites underlie
their action on neuronal viability”, J. Biol. Chem. 278(37),
34783-34793.

[22] Abd EI Mohsen, M.M., Kuhnle, G., Rechner, A.R., Schroeter,
H., Rose, S., Jenner, P. and Rice-Evans, C.A. (2002) “Uptake
and metabolism of epicatechin and its access to the brain after
oral ingestion”, Free Radic. Biol. Med. 33, 1693-1702.

[23] Youdim, K.A., Dobbie, M.S., Kuhnle, G., Proteggente, A.R.,
Abbott, N.J. and Rice-Evans, C. (2003) “Interaction between
flavonoids and the blood-brain barrier: in vitro studies”,
J. Neurochem. 85, 180—192.

[24] Joshipura, K.J., Ascherio, A., Manson, ].E., Stampfer, M.].,
Rimm, E.B., Speizer, EE., Hennekens, C.H., Spiegelman, D.
and Willett, W.C. (1999) “Fruit and vegetable intake in
relation to risk of ischemic stroke”, JAMA 282, 1233-1239.

[7

—

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/28/11

For personal use only.

1340

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

M.A. EL MOHSEN et al.

Le Marchand, L., Murphy, S.P., Hankin, J.H., Wilkens, L.R.
and Kolonel, L.N. (2000) “Intake of flavonoids and lung
cancer”, J. Natl Cancer Inst. 92, 154-160.

Peng, HW., Cheng, F.C., Huang, Y.T., Chen, C.E. and Tsai,
T.H. (1998) “Determination of naringenin and its glucuronide
conjugate in rat plasma and brain tissue by high-performance
liquid chromatography”, J. Chromatogr. B Biomed. Sci. Appl.
714, 369-374.

Tsai, T.H. and Chen, Y.E. (2000) “Determination of unbound
hesperetin in rat blood and brain by microdialysis coupled to
microbore liquid chromatography”, |. Food Drug Anal. 8,
331-336.

Felgines, C., Texier, O., Morand, C., Manach, C., Scalbert, A.,
Regerat, F. and Remesy, C. (2000) “Bioavailability of the
flavanone naringenin and its glycosides in rats”, Am. |. Physiol.
Gastrointest. Liver Physiol. 279, G1148—-G1154.

Harada, M., Kan, Y., Naoki, H., Fukui, Y., Kageyama, N.,
Nakai, M., Miki, W. and Kiso, Y. (1999) “Identification of the
major antioxidative metabolites in biological fluids of the rat
with ingested (4)-catechin and (—)-epicatechin”, Biosci.
Biotechnol. Biochem. 63, 973—-977.

Erlund, 1., Meririnne, E., Alfthan, G. and Aro, A. (2001)
“Plasma kinetics and urinary excretion of the flavanones
naringenin and hesperetin in humans after ingestion of
orange juice and grapefruit juice”, J. Nutr. 131, 235-241.
Rechner, A.R., Smith, M., Kuhnle, G., Gibson, G., Debnam, E.,
Srai, S., Moore, K. and Rice-Evans, C. (2004) “Colonic
metabolism of dietary polyphenols: influence of structure on
microbial fermentation products”, Free Radic. Biol. Med. 36(2),
212-225.

Schollhammer, 1., Poll, D.S. and Bickel, M.H. (1975) “Liver
microsomal beta-glucuronidase and UDP-glucuronyltrans-
ferase”, Enzyme 20, 269-276.

[33] Wahlstrom, A., Winblad, B., Bixo, M. and Rane, A. (1988)
“Human brain metabolism of morphine and naloxone”, Pain
35, 121-127.

[34] Mulder, G.J. (1992) “Pharmacological effects of drug
conjugates: is morphine 6-glucuronide an exception?”, Trends
Pharmacol. Sci. 13, 302—-304.

[35] Sperker, B., Murdter, T.E., Schick, M., Eckhardt, K., Bosslet, K.
and Kroemer, HK. (1997) “Interindividual variability in
expression and activity of human beta-glucuronidase in liver
and kidney: consequences for drug metabolism”, J. Pharmacol.
Exp. Ther. 281, 914-920.

[36] Dekermendjian, K., Kahnberg, P, Witt, M.R., Sterner, O.,
Nielsen, M. and Liljefors, T. (1999) “Structure—
activity relationships and molecular modeling analysis
of flavonoids binding to the benzodiazepine site of the rat
brain GABA(A) receptor complex”, . Med. Chem. 42,
4343-4350.

[37] da Silva, E.L., Piskula, M. and Terao, J. (1998) “Enhancement
of antioxidative ability of rat plasma by oral administration of
(—)-epicatechin”, Free Radic. Biol. Med. 24, 1209-1216.

[38] Wang, J.E, Schramm, D.D., Holt, R.R., Ensunsa, J.L., Fraga,
C.G., Schmitz, H.H. and Keen, C.L. (2000) “A dose-response
effect from chocolate consumption on plasma epicatechin and
oxidative damage”, J. Nutr. 130, 21155-2119S.

[39] Piskula, M.K. and Terao, J. (1998) “Accumulation of (—)-
epicatechin metabolites in rat plasma after oral adminis-
tration and distribution of conjugation enzymes in rat
tissues”, J. Nutr. 128, 1172-1178.

[40] Rechner, A.R., Kuhnle, G., Hu, H., Roedig-Penman, A., Van
den Braak, M.H., Moore, K.P. and Rice-Evans, C.A. (2002)
“The metabolism of dietary polyphenols and the relevance to
circulating levels of conjugated metabolites”, Free Radic. Res.
36, 1229-1241.

RIGHTS LI MN Kiy



