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The bioavailability of polyphenols 
is highly governed by the capacity 
of the intestine and of the liver 
to secrete conjugated metabolites
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■ Summary Background After in-
gestion of a complex meal contain-
ing foods and beverages of plant
origin, different polyphenols are
likely to be simultaneously present
in the intestine. However, almost
nothing is known about their inter-
actions and possible consequences
on their bioavailability. Aim of the
study The present study deals with
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the intestinal absorption and
splanchnic metabolism of three
polyphenols, genistein, hesperetin
and ferulic acid (FA), when per-
fused in the small intestine alone
or in combination, at different
doses (15 and 120 µM). Methods
The fate of polyphenols in the
small intestine was studied using a
rat in situ intestinal perfusion
model. Polyphenols were analysed
in perfusate, bile and plasma by
HPLC. Results Whatever the per-
fused dose, the efficiency of the net
transfer towards the enterocyte was
similar for the three polyphenols
and not significantly modified by
any association between these mol-
ecules. However, FA largely differed
from the two flavonoids by its low
intestinal secretion of conjugates.
When perfused at 15 µM, the secre-
tion of conjugates back to the
lumen represented 6.2 % of the net
transfer into the enterocytes for FA
compared to 25.5 and 20 % for
genistein and hesperetin respec-
tively. Intestinal conjugation and
secretion of conjugates back to the

gut lumen varied with the dose of
flavonoids: saturation of conjuga-
tion was observed for the highest
dose or when a high dose of a
second flavonoid was perfused
simultaneously. Intensity of the
biliary secretion substantially
differed among tested polyphenols:
7.7 % of the net transfer for FA vs
50 % for genistein or hesperetin.
The extent of the enterohepatic
cycling of these polyphenols was
proportional to the perfused dose
and unaffected by the simultaneous
presence of different compounds in
the intestine. Conclusion Genistein
and hesperetin appeared less avai-
lable than FA for peripheral tissues
because of a high intestinal and
biliary secretion of their conju-
gates. Moreover, data suggest that a
high polyphenol intake may im-
prove their bioavailability due to
saturation of the intestinal secre-
tion of conjugates.

■ Key words rats – polyphenols –
in situ perfusion – intestinal
metabolism – biliary secretion

Introduction

Polyphenols refer to one of the numerous and widely
distributed groups of molecules in the plant kingdom.
Based on their structure they are classified into different
families, phenolic acids, flavonoids, or less common lig-
nans and stilbenes. Polyphenols have gained increasing

interest because of their numerous biological effects
such as free-radical scavenging, modulation of enzy-
matic activities, and inhibition of cellular proliferation,
as well as their potential utility as antibiotic, anti-aller-
gic and anti-inflammatory agents [1]. They may partic-
ipate in the prevention of cardiovascular diseases, can-
cers and other degenerative diseases [2]. Because they
are widely distributed in foods and beverages of plant
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origin (such as fruit, vegetables, cereals, tea, coffee, co-
coa, wine and fruit juice), polyphenols are common mi-
cronutrients in human diet.Total polyphenol intake may
commonly reach 1 g/d. This daily intake is mainly con-
stituted by hydroxycinnamates and flavonoids, which
account respectively for about 1/3 and 2/3 of the total in-
take [3].

The physiological interest of dietary polyphenols de-
pends on their intestinal absorption and their subse-
quent interactions with target tissues; however the
mechanisms of gastrointestinal absorption of polyphe-
nols are not completely understood. Polyphenols linked
to a rhamnose moiety have to reach the colon to be hy-
drolysed by the microflora prior to their absorption,
whereas aglycones and some glucosides are absorbed in
the small intestine [4, 5]. One relevant approach to study
the intestinal absorption and metabolism of polyphe-
nols consists to perform in situ intestinal perfusion of
the rat small intestine. Using this technique, intestinal
and biliary parameters that largely govern the bioavai-
lability of polyphenols are measured: efficiency of the
net transfer through the brush border, intestinal metab-
olism and secretion of conjugates, rate of biliary secre-
tion. This model, developed a few years ago in our lab,
has been used to characterize the intestinal absorption
and splanchnic metabolism of various isolated
flavonoids [6].

Consumption of plant foods is related to the simulta-
neous intake of numerous dietary polyphenols, each of
them present at different concentrations. Thus interac-
tions between these compounds in the intestine may in-
fluence their final respective bioavailability. To study
these possible interactions, we have followed the fate in
the splanchnic area of some representative members of
two main families of polyphenols which largely differed
by their structure, namely one hydroxycinnamate and
two flavonoids. Ferulic acid (FA) is a hydroxycinnamate,
especially abundant in cereal brans [7]. Consuming high
quantities of cereal products can provide more than
100 mg of ferulic acid per day. Flavanones and
isoflavones are restricted to a few foodstuffs. However,
they are important dietary sources of flavonoids since
their content reaches 500 mg/l in orange juice and 1 g/kg
in soya bean, respectively [8, 9]. Numerous studies have
reported the biological effects of isoflavones and rele-
vance to human health [10, 11]. Studies demonstrating
protective effects of flavanones on human health are still
limited [12]; however, in animal studies flavanones ex-
hibit interesting effects on parameters involved in car-
diovascular diseases [13, 14] and protect against chemi-
cally induced cancers [15–17].

FA, genistein and hesperetin (Fig. 1) were used in in
situ intestinal perfusion experiments to investigate the
influence of the structure, the dose and possible interac-
tions between polyphenols in the intestine, on their re-
spective fate in the splanchnic area.

Materials and methods

■ Chemicals

FA, genistein and hesperetin were purchased from Ex-
trasynthese (Genay, France). β-glucuronidase/sulfatase
from Helix Pomatia, liver UDP-glucuronosyl transferase
(UDP-GT), UDP-glucuronic acid and UDP-N-acetyl glu-
cosmamine (UGP-NAG) were purchased from Sigma
(L’Isle D’Abeau, Chesnes, France)

■ Animals and diets

Before perfusion experiments, male Wistar rats (about
150 g) were housed two per cage in temperature-con-
trolled rooms (22 °C) with a dark period from 20:00 to
8:00 h and had access to food from 16:00 to 8:00 h. They
received a standard semi-purified diet (73 % wheat
starch, 15 % casein, 6 % mineral mixture (AIN 93M), 1 %
vitamin mixture (93VX), and 5 % corn oil) for 2 weeks.
Animals were maintained and handled according to the
recommendations of the Institut National de la
Recherche Agronomique Ethics Committee, as legally
required.

■ Sampling procedure

For the study 24-h fasted rats were anesthetized with
sodium pentobarbital by intraperitoneal administration
(40 mg/kg body weight) and maintained alive on a heat-
ing pad throughout the perfusion period. The biliary
duct was first cannulated, then cannulas were intro-
duced at the extremities of the jejunal + ileal segment

Fig. 1 Chemical structures of perfused polyphenols

HesperetinGenistein

Ferulic acid
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(from 5 cm distal from the flexura duodenojejununalis
to the valvula ileocoecalis). This segment was continu-
ously perfused in situ for 45 min without recycling, with
a physiological and thermostated (37 °C) buffer pH 6.6
supplemented with the selected polyphenol(s), just be-
fore use. The composition of the basal perfused buffer
was as followed: KH2PO4 (5 mM), K2HPO4 (2.5 mM),
NaHCO3 (5 mM), NaCl (50mM), KCl (40 mM), tri-potas-
sium citrate (10 mM), CaCl2 (2 mM), MgCl2 (2 mM), glu-
cose (8 mM), and taurocholic acid (1 mM) at pH 6.6. Just
before the perfusion, the addition of the selected
polyphenols to the buffer was performed from a con-
centrated solution in DMSO (DMSO in the final perfu-
sion buffer never exceeded 0.5 ‰). The flow rate was set
at 0.8 mL/min and FA, genistein and hesperetin were
perfused at 15µM or 120µM leading to perfused fluxes
of respectively 12 and 96 nmol/min. (Note: the perfused
fluxes presented in the Table 1 may slightly differ from
these theoretical values (±10 %) due to the exact deter-
mination of the concentration of polyphenols in the per-
fusion buffer for each experiment). The effluent at the
exit of the ileum and the bile were collected throughout
the perfusion and stored at –20 °C until analysis.

At the end of the experiment, blood samples were
withdrawn from the mesenteric vein and from the ab-
dominal aorta and sampled into heparinized tubes. Im-
mediately after their sampling, plasma samples were
acidified with acetic acid (10 mM final) and stored at
–20 °C until analysis.

■ HPLC analysis

Sample treatment

Bile,plasma and perfusate samples were acidified (to pH
4.9) with 0.1 volume of 0.58 M acetic acid and incubated
for 30 min at 37 °C with (for total forms) or without (for
unconjugated forms) 5x106 units/L β-glucuronidase and
2.5x105 units/L sulfatase. After addition of 2.85 vol. of
methanol/200 mM HCl and centrifugation at 14,000 � g
for 4 min, the resulting supernatants were analysed by
HPLC-UV as described below. Calibration curves were
prepared in the perfusion buffer, plasma or bile, by spik-
ing control pools with known concentrations of FA,
genistein and hesperetin (from 5 to 100 µM in the perfu-
sion buffer, from 1 to 10 µM in the plasma, from 2.5 to
25 µM in the bile). These standards were then treated ex-
actly as the samples. Quality control samples (duplicates
of two different concentrations) were added in each
batch of analyses to control the accuracy of the quantifi-
cation. Differences between the measured value and the
actual value never exceeded 5 % for all batches.

Chromatographic conditions

The HPLC system consisted of an autosampler (Kontron
360), fitted with a 5 µm C-18 Hypersil BDS analytical col-
umn (150 x 4.6 mm; Life Sciences International, Cergy,
France). Mobile phase A consisted of 15 % acetonitrile
and mobile phase B consisted of 30 % acetonitrile, for
each phase the water fraction contained 0.5 % of H3PO4.
The flow rate was set at 1 mL/min and the gradient con-
ditions were as follows: 0–5 min: 100 % A, 5–35 min: lin-
ear gradient from 100 % A to 100 % B, 35–40 min: 100 %
B, 40–50 min: 100 % A. The UV-detector was set at
320 nm.Retention times for FA,genistein and hesperetin
were 10.4, 35.0 and 38.8 min, respectively.

Determination of the intestinal and biliary fluxes

All the calculated fluxes were expressed in nmol/min.
The fluxes in the effluent have been calculated by taking
into account the intestinal absorption of water as previ-
ously described [18]. The net transfer in the enterocyte
was measured by the difference between the perfused
flux and the flux in the nonhydrolysed effluent at the end
of the perfusion. The secretion of conjugates back in the
lumen resulted from the difference between the fluxes
measured in the hydrolysed and nonhydrolysed effluent.
The net absorption was obtained by the difference be-
tween the perfused flux and the flux measured in the hy-
drolysed effluent. The biliary secretion of conjugates re-
sulted from the product between the biliary flow rate
(µL/mL) and the concentrations of the total forms pres-
ent in the bile after enzymatic hydrolysis (µM).

Activity of purified UDP-GT towards different phenolic
substrates

The reaction mixture (in a final volume of 750 µl) con-
sisted of 15 or 120 µM of the polyphenolic substrate dis-
solved in DMSO, 10 mM MgCl2, 4 mM UDP-glucuronic
acid, 2 mM UDP-N-acetyl glucosamine and 0.2 mg pro-
tein (purified liver UDP-GT), in 25 mM Hepes, pH 7.4.
This mixture was incubated during 60 min (linear
phase) during which time linear rates were obtained at
37 °C. Then, aliquots of the reaction mixture were taken,
polyphenols were extracted and analysed by HPLC as
described above. The enzyme activity was expressed in
nmol of glucuronidated substrates/min/mg protein.

Statistics

Values are means ± SEM, and the differences between
values were determined by one-way ANOVA coupled
with the Tukey-Kramer multiple comparisons test. Val-
ues of P < 0.05 were considered significant.

088_096_Morand_EJN_568  28.02.2006  12:21 Uhr  Seite 90



M. Silberberg et al. 91
Splanchnic metabolism of polyphenols in rats

Results

■ Intestinal perfusion of single polyphenols

FA, genistein or hesperetin were separately perfused
into the rat small intestine at a concentration of 15 µM,
hence fluxes of approximately up to 12.5 nmol/min were
obtained (Table 1). The rate of the net transfer of these
three polyphenols to the intestinal wall was similar and
particularly high: 9.3, 9.8 and 9.7 nmoles/min for re-
spectively FA, genistein and hesperetin. Some conju-
gated metabolites were recovered in the effluent at the
end of the perfusion period. These conjugates had an in-
testinal origin since the biliary duct was cannulated be-
fore starting the perfusion. The rate of intestinal secre-
tion of conjugates was dependent on the perfused
compound. As shown in Table 1, the intestinal secretion
of genistein and hesperetin conjugates reached 2.5 and
2.0 nmoles/min respectively, whereas the secretion level
in the lumen of FA conjugates was only 0.6 nmoles/min.

The rate of the biliary secretion differed substantially

between FA and the two flavonoids tested (Table 1): it
was 0.7 ± 0.1 nmoles/min for FA, whereas it reached
5.1 ± 0.2 and 4.8 ± 0.5 nmoles/min for genistein and hes-
peretin. This suggests that the enterohepatic cycling of
the two selected flavonoids is more effective than for FA.

To look for differences in intestinal and hepatic me-
tabolism, we have determined, for each compound, the
fractions of plasma metabolites present as conjugates or
as aglycones in the mesenteric vein and in the abdomi-
nal aorta (Fig. 2). Because the absorbed metabolites are
directly delivered into the mesenteric vein, the propor-
tion of conjugates found in this vascular area is a good
reflection of intestinal conjugation. For genistein and
hesperetin more than 95 % of the total metabolites
found in the mesenteric vein were conjugated, but only
40 % for FA. Together, the data indicated that genistein
and hesperetin were more efficiently conjugated in the
enterocytes than FA. However, in the liver, free FA is sub-
mitted to hepatic conjugation since the percentage of its
conjugates in the extrasplanchnic blood reached 75 % of
total FA (Fig. 2).

Intestine Bile

Perfused flux Net transfer Secretion of Net absorption Biliary
into intestinal wall conjugates secretion

nmol/min nmol/min nmol/min

Single perfusion

at 15 µM
FA 12.6±0.1 9.3±0.6 0.6±0.1 8.7±0.6 0.7±0.1
Gen 12.7±0.6 9.8±0.7 2.5±0.4 7.3±0.7 5.1±0.2
Hesp 12.6±0.5 9.7±0.4 2.0±0.3 7.7±0.4 4.8±0.5

at 120 µM
FA 105.0±5.4 84.1±6.3* 3.8±0.9* 80.3±6.9* 5.3±0.3*
Gen 94.8±6.4 78.4±5.0* 5.2±1.0* 73.2±5.1* 39.8±3.2*
Hesp 107.6±1.7 84.3±1.7* 6.8±1.1* 77.5±2.7* 38.8±1.9*

Combined perfusion

FA 15 µM + Gen 15 µM
FA 12.6±0.3 9.0±0.4 0.3±0.1 8.6±0.5 0.6±0.1
Gen 12.5±1.0 8.8±1.1 2.3±0.1 6.5±1.0 4.5±0.3

FA 15 µM + Hesp 15 µM
FA 14.3±0.8 9.6±0.7 0.3±0.1 9.3±0.5 0.8±0.1
Hesp 13.0±0.6 10.4±0.3 1.8±0.3 8.6±0.5 4.9±0.6

Gen 15 µM + Hesp 15 µM
Gen 12.9±0.3 9.0±0.6 2.3±0.5 6.6±0.8 4.9±0.3
Hesp 10.6±0.4 8.8±0.4 1.5±0.2 7.3±0.4 4.2±0.4

FA 15 µM + Gen 120 µM
FA 12.7±0.7 8.8±0.9 nd 8.8±0.9 0.7±0.1

Gen 15 µM + FA 120 µM
Gen 12.6±0.3 10.0±0.4 2.3±0.4 7.7±0.4 5.4±0.8

Gen 15 µM + Hesp 120 µM
Gen 12.6±0.2 10.1±0.2 1.2±0.2* 8.9±0.3* 5.0±0.2

Values are means ± SEM, n = 8. The intestinal and biliary fluxes were calculated as described in the Materials and methods
section. Superscripts indicate difference from the corresponding low perfused dose (15µM): *P < 0.05
FA ferulic acid; Gen genistein; Hesp hesperetin; nd not detectable

Table 1 Fate of perfused polyphenols
in the splanchnic area
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■ Influence of the perfused dose

FA, genistein and hesperetin were perfused separately in
the small intestine at a concentration of 120 µM and the
resulting fluxes measured in the intestinal effluent and
bile were compared to those obtained previously with a
dose of 15 µM (Table 1).The magnitude of the transfer of
the three polyphenols through the brush border was
proportional to the perfused dose. This suggests that, at
least in the range of the concentrations tested, the trans-
fer into the enterocyte did not constitute a limiting step
for the intestinal absorption of polyphenols when pres-
ent as aglycone.

The intestinal secretion of FA conjugates increased in
proportion of the perfused dose.As shown in Fig. 3, it ac-
counted for about 5 % of the perfused FA. Thus the net
absorption of FA increased in proportion to the per-
fused dose (Table 1). By contrast, the rates of secretion of
genistein and hesperetin conjugates into the lumen sig-
nificantly declined (from 16–20 % to 6 %) when their
perfused fluxes varied from 12.5 to 100 nmol/min
(Fig. 3). The net absorption of genistein and hesperetin
significantly increased when the perfused flux varied
from 12.5 to 100 nmol/min: +20 % for genistein and
+11 % for hesperetin (Table 1). For FA, genistein and
hesperetin, the biliary secretion increased linearly with
the perfused flux (Table 1).

■ Simultaneous intestinal perfusion of different
polyphenols

When FA (15 µM) was perfused in combination with an
equal molar amount of genistein or hesperetin, the mag-
nitude of the net transfer in the enterocyte of each of
these compounds was similar to that observed when
perfused alone (Table 1). When FA was perfused to-
gether with hesperetin or genistein, the secretion of FA
conjugates in the lumen tended to decline but this
change was not significant (Fig. 3). Concerning genis-
tein and hesperetin, their respective intestinal fate and
biliary secretion were not affected by simultaneous per-
fusion at 15 µM (Table 1). These results show that, when
perfused at 15 µM, the association between these
polyphenols did not change their respective bioavai-
lability.

Additional experiments have been done to assess if
the presence of a high dose of a given polyphenol in the
lumen may affect the intestinal uptake and metabolism
of another one present at a lower dose (Table 1). When
FA (15 µM) was perfused simultaneously with a high
dose of genistein (120 µM), the transfer of FA in the en-
terocyte and of its biliary secretion was unchanged,
whereas the efflux of FA conjugates in the lumen was to-
tally suppressed.When 15 µM genistein were perfused in
the presence of 120 µM hesperetin or FA, its transfer
through the gut barrier and its biliary secretion were not
significantly modified (Table 1). The rate of secretion of
genistein conjugates in the lumen was not changed by
the concomitant perfusion of FA at 120 µM. However the
intestinal secretion of genistein significantly declined

Fig. 2 Total plasma metabolites determined in the mesenteric vein and in the ab-
dominal aorta after the perfusion of 15µM of selected polyphenols in the small in-
testine. Plasma samples were analysed before and after an enzymatic treatment to
hydrolyse the conjugated forms. Data are means ± SEM, n = 8

Fig. 3 Changes in the intestinal secretion of polyphenol conjugates according to
the conditions of perfusion. Compounds were perfused alone (at 15 µM or at
120 µM) or in combination either at the same dose (15 µM + 15 µM) or at two dif-
ferent doses (15 µM + 120 µM). The intestinal secretion of conjugates was ex-
pressed in percentage of the perfused flux from the data presented in Table 1. Val-
ues are means ± SEM, n = 8. * Different from the corresponding single perfusion at
15 µM, P < 0.05
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(–50 %) when 15µM genistein were perfused with
120 µM hesperetin (Fig. 3), leading to an improvement of
its net absorption (+20 %) (Table 1).

■ In vitro conjugation of various phenolic substrates 
by UDP-GT

Conjugation of the three phenolic compounds by UDP-
GT was compared in order to see if it could explain the
differences in intestinal secretion.As shown in Fig. 4, the
rate of conjugation highly varied according to the phe-
nolic substrate. For FA, no conjugation to glucuronides
could be observed. The activity of glucuronidation was
3.3-fold higher with hesperetin than with genistein
(1.04 ± 0.02 vs 0.33 ± 0.02 nmol/min/mg protein respec-
tively) (Fig. 4). When hesperetin and genistein were as-
sociated at equal dose (15 µM), the UDP-GT activity to-
wards both molecules significantly decreased and to the
same extent (–36 %). When 15 µM genistein was incu-
bated with 120 µM hesperetin, the glucuronidation of
genistein significantly decreased: –59 % compared to

15 µM genistein alone and –34 % compared to the con-
dition where genistein and hesperetin present simulta-
neously at 15 µM.

■ Respective contributions of the intestine 
and liver to the secretion of conjugates

From the data presented in Table 1, we have calculated
the distribution of the flux of polyphenols transferred
across the brush border (i. e. net transfer in the entero-
cyte) towards (1) intestinal secretion, (2) biliary secre-
tion and (3) actual availability for peripheral tissues
(Table 2). The obtained results are interesting because
they expressed the fate in the body of the fraction of the
perfused compound which gets over the brush border.

Regardless of the dose perfused or the combination
tested, FA differed substantially from the two selected
flavonoids by its low intestinal and biliary secretion. For
genistein and hesperetin, the level of intestinal secretion
of conjugates was similar, representing 20 to 25.5 % of
the net transfer.This process appears saturable as shown
by the significant decrease of the intestinal secretion of
genistein (from 25.5 % to 6.7 % of the net transfer) in re-
sponse to a shift of the net transfer from 9.8 to
78.4 nmol/min when the perfused dose varied from 15 to
120 µM. Moreover half of the decrease of the intestinal
secretion of genistein conjugates observed when 15 µM
genistein was perfused with a high dose of hesperetin
(120 µM) accounted for competitive interactions in the
enterocyte for conjugation and/or secretion of conju-
gates towards the lumen. In contrast, regardless of the
dose or the combination between molecules, the biliary
secretions of genistein and hesperetin remained at a
high level, representing about 50 % of the net transfer
(Table 2). Finally, due to the high rate of intestinal and
biliary secretion, genistein and hesperetin are less avai-
lable for peripheral tissues than FA.

Discussion

After the ingestion of a complex meal containing plant
foods, various polyphenols are found as mixtures in the
intestine. Possible interactions between polyphenols in
the gut are explored here for the first time by in situ per-
fusion of rat small intestine. Among the large family of
dietary polyphenols, we have selected two flavonoids,
genistein and hesperetin, and one hydroxycinnamate,
ferulic acid. The perfused concentrations were deter-
mined in order to reflect polyphenol intakes compara-
ble with that provided by daily consumption of plant
food in humans. Thus, the lowest concentration per-
fused (15 µM) could reflect an intake for humans of
about 70 mg of phenolic acids or 100 mg of flavonoids
per day. The highest concentration perfused (120 µM)

Fig. 4 In vitro determinations of UDP-GT activity in the presence of various phe-
nolic substrates. FA, genistein and hesperetin, were tested alone (at 15 µM) or in
combination at the same dose (15 µM + 15 µM) or at two different doses
(15 µM + 120 µM). The UDP-GT activity is expressed in nmoles of transformed sub-
strate/min/mg proteins. Values are means ± SEM. * Different from the correspond-
ing incubation with 15 µM phenolic, P < 0.05; ** Different from the corresponding
incubation with Gen 15 µM + Hesp 15 µM, P < 0.05
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could correspond to a dose closer to the total estimated
daily polyphenol intake [3].

The transfer of polyphenols through the brush bor-
der constitutes the primary step of their intestinal ab-
sorption and until now this process was unclear. The
partition coefficient (log octanol/water), which reflects
the lipophilicity of the molecule, has been shown to in-
fluence the permeation of polyphenols across epithelial
cells [6], suggesting that passive diffusion is likely to be
involved. Using the human Caco-2 cell line model, it has
been proposed that the intestinal epithelial membrane
transport of quercetin occurs via passive transcellular
diffusion [19]. Some attempts to identify other perme-
ation mechanisms involved in the intestinal absorption
of polyphenols have been made. Using an in vitro mu-
cosal uptake technique, it has been reported that a
Na+/dependent carrier-mediated uptake process was in-
volved in the uptake of cinnamic acid across the jejunal
brush border of rats [20, 21]. More recently, it has been
shown that, in the presence of a proton gradient, the per-
meation rate of FA across Caco-2 cell monolayers was

concentration dependent and saturable [22]. In the pres-
ent work we first observed that for FA, genistein and
hesperetin, efficiency of transfer to the enterocytes was
high and proportional to the perfused dose. Secondly,
the magnitude of the transfer to the enterocytes of a
given compound was not affected by the simultaneous
presence of another polyphenol, even if present at a
higher concentration. The absence of any absorption
saturation or of competitive interactions between the
polyphenols does not support the existence of a specific
transport system. Regardless of the system involved, our
data clearly showed that the transfer to the enterocytes
is not saturable in a range of concentrations commonly
found in the intestine after consumption of a meal.

The presence of glucuronidated metabolites in the
mesenteric blood, following the perfusion of flavonoids
in the rat small intestine,shows that the enterocytes con-
stitute the primary site for their metabolism [23–25].
For most flavonoids, a significant portion of the conju-
gates formed in the intestinal cells is secreted back to the
lumen, thus reducing the net absorption [6]. Previous

Net transfer Intestinal Biliary Fraction
into intestinal wall secretion secretion bioavailable

nmol/min % of the net transfer

Single perfusion

at 15 µM
FA 9.3±0.6 6.2±1.3 7.7±0.9 86.1±4.1
Gen 9.8±0.7 25.5±3.2 51.8±3.5 22.7±1.7
Hesp 9.7±0.4 20.0±1.9 49.0±4.3 31.0±2.3

at 120 µM
FA 84.12±6.33 4.5±1.2 6.3±1.3 89.5±3.3
Gen 78.39±5.04 6.7±1.3* 50.8±3.6 42.5±3.2*
Hesp 84.28±1.70 8.0±1.0* 46.0±1.2 46.0±2.9*

Combined perfusion

FA 15 µM + Gen 15 µM
FA 9.0±0.4 4.0±0.6 6.3±1.1 89.7±5.2
Gen 8.8±1.1 26.3±2.1 50.7±3.9 23.0±4.4

FA 15 µM + Hesp 15 µM
FA 9.61±0.72 3.3±1.6 8.4±1.2 88.3±5.1
Hesp 10.40±0.30 17.3±2.1 46.8±3.3 35.9±1.7

Gen 15 µM + Hesp 15 µM
Gen 9.0±0.6 25.9±4.2 55.2±5.2 18.9±1.5
Hesp 8.8±0.4 17.2±1.7 48.4±2.9 34.4±2.6

FA 15 µM + Gen 120 µM
FA 8.8±0.9 nd 8.2±1.6 91.8±3.7

Gen 15 µM + FA 120 µM
Gen 10.0±0.4 22.9±1.4 54.5±4.5 22.6±2.2

Gen 15 µM + Hesp 120 µM
Gen 10.1±0.2 12.3±1.5* 49.4±1.3 38.3±2.1*

Values are means ± SEM, n = 8. The fractions of the net transfer secreted in the lumen and in the bile were ob-
tained from the data presented in Table 1. Superscripts indicate difference from the corresponding low perfused
dose (15µM): *P < 0.05
FA ferulic acid; Gen genistein; Hesp hesperetin; nd not detectable

Table 2 Distribution of the flux of polyphenols
reaching the intestinal cells
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studies strongly suggested that the active secretion of
polyphenol conjugates in the lumen may be governed by
MRP-2 and/or the P-glycoprotein [26, 27]. In the present
work, the rate of secretion of conjugates back into the lu-
men differed markedly according to polyphenols. Secre-
tion was low for FA, compared to the two flavonoids
tested. This difference may be linked to the low intesti-
nal metabolism of FA, as suggested by the inability of
UDP-GT to catalyse FA glucuronidation and by the high
level of free FA in the mesenteric vein. In contrast to FA,
genistein and hesperetin were good substrates of UDP-
GT resulting in a high secretion of conjugated metabo-
lites in the intestinal lumen as described previously [28,
29].

The level of the intestinal secretion of conjugates was
not changed by the concomitant perfusion of low doses
of different polyphenols (15 µM) in the enterocytes,
whereas it markedly decreased when the perfused dose
of flavonoids increased. This may reflect an efficient in-
testinal conjugation at low concentrations and a satura-
tion of the intestinal conjugation at high concentrations.
Moreover, some competition between flavonoids for
their conjugation may occur when competing substrates
are present at high dose. This possibility is suggested by
the changes in the UDP-GT activities obtained after an
incubation with a mixture of genistein and hesperetin
compared to single substrate. However, the possibility of
a competition between flavonoids for the transport sys-
tems involved in the efflux of their conjugates in the lu-
men cannot be ruled out.

The fraction of intestinal conjugates escaping re-ex-
cretion into the lumen corresponds to the net absorp-
tion, but not to the fraction finally available for periph-
eral tissues because hepatic uptake and metabolism is
very active and conjugates may be secreted into the bile
[30–33]. As shown in the present work, the intensity of
biliary secretion may substantially differ among
polyphenols. Because genistein and hesperetin were
highly secreted in the bile, their final bioavailability for

peripheral tissues was markedly lower than that of FA.
However such a difference in final bioavailabilities was
not obvious when the aortic plasma concentrations in
each polyphenol were taken into account (Fig. 2). Even if
we lack some experimental data to explain this discrep-
ancy,some hypothesis may be considered.First, this may
result from a rapid and efficient urinary excretion of FA
after its delivery in aortic plasma. Besides, following an
oral single dose administration of FA to rats, the peak
plasma concentration of FA was found at 30 min and
within 1.5 h 43 % of the total metabolites of FA were ex-
creted in urine [34]. By contrast, the urinary excretion of
both genistein and flavanones appeared lower and slow
[35, 36], in agreement with the importance of their en-
terohepatic cycling observed in our study. Taken to-
gether these data may explain why the aortic plasma lev-
els of the three polyphenols are not significantly
different after a 45 min perfusion period. On the other
hand, FA is a small molecule compared to genistein or
hesperetin; thus FA conjugates could more easily enter
tissues than those of genistein or hesperetin.

The extent of enterohepatic cycling of the tested
polyphenols was proportional to the perfused dose and
unaffected by the simultaneous presence of different
compounds in the intestine. Thus, according to the na-
ture of the compound,the biliary secretion of conjugates
may largely determine the availability of polyphenols
for peripheral tissues. Even if the active biliary excretion
of flavonoids reduces their net absorption, the entero-
hepatic cycling could maintain high circulating levels by
spreading absorption over a longer period.

In conclusion, the intestinal absorption and the
splanchnic metabolism of polyphenols largely govern
their bioavailability. Intestinal and biliary secretion of
genistein and hesperetin conjugates was high and that of
FA relatively low,resulting in a high bioavailability of FA.

■ Acknowledgement Supported by INSERM and INRA (ATC Nutri-
tion 2002, project #A02256AS).

References

1. Bravo L (1998) Polyphenols: chemistry,
dietary sources, metabolism, and nutri-
tional significance.Nutr Rev 56:317–333

2. Scalbert A, Manach C, Morand C,
Rémésy C, Jiménez L (2005) Dietary
polyphenols and the prevention of dis-
eases. Crit Rev Food Sci Nutr 45(4):
287–306

3. Manach C, Scalbert A, Morand C,
Remesy C, Jimenez L (2004) Polyphe-
nols: food sources and bioavailability.
Am J Clin Nutr 79:727–747

4. Hollman PCH, van Trijp JMP, Buysman
MNCP, Gaag MSvd, Mengelers MJB, de
Vries JHM, Katan MB (1997) Relative
bioavailability of the antioxidant
flavonoid quercetin from various foods
in man. FEBS Lett 418:152–156

5. Manach C, Morand C, Texier O, Favier
ML, Agullo G, Demigne C, Regerat F,
Remesy C (1995) Quercetin metabolites
in plasma of rats fed diets containing
rutin or quercetin.J Nutr 125:1911–1922

6. Crespy V, Morand C, Besson C, Cotelle
N, Vezin H, Demigne C, Remesy C
(2003) The splanchnic metabolism of
flavonoids highly differed according 
to the nature of the compound. Am J
Physiol Gastrointest Liver Physiol 284:
G980–G988

7. Clifford MN (1999) Chlorogenic acids
and other cinnamates – nature, occur-
rence and dietary burden. J Sci Food
Agric 79:362–372

8. Rousseff RL, Martin SF, Youtsey CO
(1987) Quantitative survey of narirutin,
naringin, heperidin, and neohesperidin
in citrus. J Agric Food Chem 35:
1027–1030

088_096_Morand_EJN_568  28.02.2006  12:21 Uhr  Seite 95



96 European Journal of Nutrition (2006) Vol. 45, Number 2
© Steinkopff Verlag 2005

9. Reinli K, Block G (1996) Phytoestrogen
content of foods – a compendium of lit-
erature values. Nutr Cancer Int J 26:
123–148

10. Setchell KD (1998) Phytoestrogens:
the biochemistry, physiology, and im-
plications for human health of soy
isoflavones. Am J Clin Nutr 68:
1333S–1346S

11. Setchell KD, Lydeking-Olsen E (2003)
Dietary phytoestrogens and their effect
on bone: evidence from in vitro and in
vivo, human observational, and dietary
intervention studies. Am J Clin Nutr
78:593S–609S

12. Jung UJ, Kim HJ, Lee JS, Lee MK, Kim
HO,Park EJ,Kim HK,Jeong TS,Choi MS
(2003) Naringin supplementation low-
ers plasma lipids and enhances ery-
throcyte antioxidant enzyme activities
in hypercholesterolemic subjects. Clin
Nutr 22:561–568

13. Kim HJ, Oh GT, Park YB, Lee MK, Seo
HJ, Choi MS (2004) Naringin alters the
cholesterol biosynthesis and antioxi-
dant enzyme activities in Ldl receptor-
knockout mice under cholesterol fed
condition. Life Sci 74:1621–1634

14. Kim HK, Jeong TS, Lee MK, Park YB,
Choi MS (2003) Lipid-lowering efficacy
of hesperetin metabolites in high-cho-
lesterol fed rats. Clin Chim Acta 327:
129–137

15. Yang MZ, Tanaka T, Hirose Y, Deguchi T,
Mori H, Kawada Y (1997) Chemo-
preventive effects of diosmin and
hesperidin on N-butyl-N-(4-hydroxy-
butyl)nitrosamine-induced urinary-
bladder carcinogenesis in male Icr
mice. Int J Cancer 73:719–724

16. Berkarda B, Koyuncu H, Soybir G,
Baykut F (1998) Inhibitory effect of hes-
peridin on tumour initiation and pro-
motion in mouse skin. Res Exp Med
(Berl) 198:93–99

17. Tanaka T, Kawabata K, Kakumoto M,
Makita H, Matsunaga K, Mori H, Satoh
K, Hara A, Murakami A, Koshimizu K,
Ohigashi H (1997) Chemoprevention of
azoxymethane-induced rat colon car-
cinogenesis by a xanthine oxidase in-
hibitor, 1’-acetoxychavicol acetate. Jpn J
Cancer Res 88:821–830

18. Crespy V, Morand C, Manach C, Besson
C, Demigne C, Remesy C (1999) Part 
of quercetin absorbed in the small
intestine is conjugated and further
secreted in the intestinal lumen. Am J
Physiol Gastrointest Liver Physiol 277:
G120–G126

19. Walgren RA, Walle UK, Walle T (1998)
Transport of quercetin and its gluco-
sides across human intestinal epithelial
caco-2 cells. Biochem Pharmacol 55:
1721–1727

20. Wolffram S, Weber T, Grenacher B,
Scharrer E (1995) A Na+-dependent
mechanism is involved in mucosal up-
take of cinnamic acid across the jejunal
brush border in rats. J Nutr 125:
1300–1308

21. Ader P, Grenacher B, Langguth P, Schar-
rer E,Wolffram S (1996) Cinnamate up-
take by rat small intestine: transport
kinetics and transepithelial transfer.
Experimental Physiology 81:943–955

22. Konishi Y, Shimizu M (2003) Transepi-
thelial transport of ferulic acid by
monocarboxylic acid transporter in
caco-2 cell monolayers. Biosci Biotech-
nol Biochem 67:856–862

23. Andlauer W, Kolb J, Furst P (2000) Ab-
sorption and metabolism of genistin in
the isolated rat small intestine. FEBS
Lett 475:127–130

24. Spencer JP, Chowrimootoo G, Chou-
dhury R, Debnam ES, Srai SK, Rice-
Evans C (1999) The small intestine can
both absorb and glucuronidate luminal
flavonoids. FEBS Lett 458:224–230

25. Crespy V, Morand C, Besson C, Manach
C, Demigne C, Remesy C (2001) Com-
parison of the intestinal absorption of
quercetin, phloretin and their gluco-
sides in rats. J Nutr 131:2109–2114

26. Walle T, Walle UK, Halushka PV (2001)
Carbon dioxide is the major metabolite
of quercetin in humans. J Nutr 131:
2648–2652

27. Ayrton A, Morgan P (2001) Role of
transport proteins in drug absorption,
distribution and excretion. Xenobiotica
31:469–497

28. Liu Y, Hu M (2002) Absorption and me-
tabolism of flavonoids in the caco-2 cell
culture model and a perused rat intesti-
nal model. Drug Metab Dispos 30:
370–377

29. Matsumoto H, Ikoma Y, Sugiura M,
Yano M, Hasegawa Y (2004) Identifica-
tion and quantification of the conju-
gated metabolites derived from orally
administered hesperidin in rat plasma.
J Agric Food Chem 52:6653–6659

30. Manach C,Texier O,Régérat F,Agullo G,
Demigné C, Rémésy C (1996) Dietary
quercetin is recovered in rat plasma as
conjugated derivatives of isorhamnetin
and quercetin. Nutr Biochem 7:375–380

31. Sfakianos J, Coward L, Kirk M, Barnes S
(1997) Intestinal uptake and biliary ex-
cretion of the isoflavone genistein in
rats. J Nutr 127:1260–1268

32. Yasuda T, Kano Y, Saito K-I, Ohsawa K
(1994) Urinary and biliary metabolites
of daidzin and daidzein in rats. Biol
Pharm Bull 17:1369–1374

33. Yasuda T, Mizunuma S, Kano Y, Saito K,
Oshawa K (1996) Urinary and biliary
metabolites of genistein in rats. Biol
Pharm Bull 19:413–417

34. Rondini L, Peyrat-Maillard MN, Mars-
set-Baglieri A, Berset C (2002) Sulfated
ferulic acid is the main in vivo metabo-
lite found after short-term ingestion of
free ferulic acid in rats. J Agric Food
Chem 50:3037–3041

35. Felgines C, Texier O, Morand C, Manach
C, Scalbert A, Regerat F, Remesy C
(2000) Bioavailability of the flavanone
naringenin and its glycosides in rats.
Am J Physiol Gastrointest Liver Physiol
279:G1148–G1154

36. King RA, Bursill DB (1998) Plasma and
urinary kinetics of the isoflavones
daidzein and genistein after a single soy
meal in humans. Am J Clin Nutr 67:
867–872

088_096_Morand_EJN_568  28.02.2006  12:21 Uhr  Seite 96


