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Abstract

The plant polyphenol quercetin was shown to induce a significant Cl~ secretion in intestinal epithelium. In order to elucidate the
structural requirements of quercetin and related flavonoids for this activity, we tested the ability of further flavonols and other flavonoids
found in edible plants to induce CI~ secretion which was measured as an increase in short-circuit current (1) in rat colon. Whereas several
flavonols and the flavon luteolin increased |, other flavonoids such as flavanones, flavans, flavanols, and anthocyanidins failed to do so.
Two glycosides of quercetin, spiracosid, and isoquercitrin, as well astwo methoxylated quercetin metabolites, isorhamnetin and tamarixetin,
were also able to increase | . We conclude that a 2,3-double bond in conjunction with the 4-oxo group in the C ring and a hydroxylated
B ring are necessary for the secretory activity of flavonoids. This activity requires different structural features than those mandatory for the
antioxidative properties of flavonoids. Glucosidation and methoxylation of several hydroxyl groups does not necessarily abolish the

secretory potential. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Flavonoids belong to the large group of plant polyphe-
nols which are ingested by man and animals with their
regular diet. Many studies conducted in recent years point to
a potentially important role of this class of dietary substances
in the prevention of cardiovascular disease, several cancer
forms, and inflammatory diseases [1-5]. A prominent feature
of severa flavonoids is their antioxidant effect in vitro,
which is even larger, at least for certain compounds, than
that of alpha-tocopherol, ascorbate, or glutathione [2,6,7].

Flavonoids are the most common and widely distributed
group of plant phenolics. Their basic structure consists of
two aromatic rings (rings A and B, Fig. 1) linked through
three carbons that usually form an oxygenated heterocycle
(ring C, Fig. 1). Variations in the heterocyclic ring C give
rise to different classes: flavones, flavonols, flavanones,
flavanonols, flavanols, anthocyanidines, and isoflavones
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Abbreviations: G, tissue conductance; and | . short-circuit current.

(Fig. 1) [1,3,5,8]. Other flavonoid classes such as chal cones,
aurones, biflavonoids, or proanthocyanidins differ from the
basic structure shown in Fig. 1. Therings A and B alow a
multitude of substitution patterns within each class of fla-
vonoids: phenolic hydroxyls, glycosides, methoxy groups,
sulfates, and glucuronides. Over 4000 different naturally
occurring flavonoids have been described, most of which
are commonly found as glycoside derivatives in plants [5].

Little is known about the influence of flavonoids on the
mucosa of the gastrointestinal tract, the tissue these com-
pounds come in contact with immediately after oral intake.
In aprevious study, we demonstrated that the most abundant
flavonol, quercetin, induces aCl ~ secretion in the small and
large intestine of rats [9]. With the exception of the isofla-
vonoid genistein [9-12], nothing is known about the effects
of other flavonoids on electrolyte transport in native intes-
tinal epithelium. We conducted this study in order to eluci-
date structural principles required for the secretory activity
observed with quercetin. Therefore, we tested the effect of
certain representatives of several flavonoid classes and of
other flavonols as well as of glycosylated and methoxylated
quercetin derivatives on rat colon epithelium mounted in
Ussing chambers.

0006-2952/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.
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Fig. 1. Structure of different flavonoids, flavonoid glycosides, and methylated flavonoids.

2. Materials and methods free access to tap water and a standard diet (Eberle
Nafag AG) until the day of the experiment. Animals
2.1. Tissue preparation were stunned by a blow to the head and killed by

exsanguination. The proximal and distal colon were taken
Male Sprague-Dawley rats (RCC Ltd.) with a body out immediately and the serosa and muscularis were

weight of 200-250 g were used. The animals had removed.
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2.2. Determination of electrophysiological parameters

Two sheets of tissue from each proximal and distal colon
were mounted in a modified Ussing chamber and bathed
with a volume of 4-mL buffer solution on both sides of the
epithelium. The buffer solution contained (in mM) NaCl
107, KCl 4.5, NaHCO; 25, Na,HPO, 1.8, NaH,PO, 0.2,
CaCl, 1.25, MgCl,, 1, and glucose 12; it was gassed with 5%
CO, in 95% O, and kept at 37°; pH was adjusted to 7.4. The
epithelium was continuously short-circuited by an auto-
matic voltage clamp device (Aachen Microclamp, AC Copy
Datentechnik) with correction for solution resistance. The
exposed surface of the tissue was 1 cm?. In 1-min intervals,
acurrent of £100 uA (1) was applied to the tissue and the
change in voltage (U) measured. The tissue conductance
(Gy was cdculated from these values according to Ohm’s
law (G; = I/U). The values for G, and the continuously
applied short-circuit current (lo) were printed out every
minute. Before the addition of flavonoids, there was an
equilibration time of at least 50 min to stabilize basal values.
Control experiments were performed with tissue from the
same animals. The baseline of the electrical parameters was
determined as the mean over a 5-min period (5 values)
immediately prior to administration of adrug. The maximal
change in |4, induced by a flavonoid was expressed as the
difference from the former baseline (Al ). The viability of
the tissue was routinely checked with forskolin (1 uM) 60
to 120 min after addition of the flavonoids at the end of the
experiments. Data from tissues which did not respond to
forskolin with an increasein | . of at least 1 uEqh™* cm ™2
were discarded.

2.3. Reagents

Gossypol, luteolin, and (*)-taxifolin were obtained from
Sigma; galangin, kaempferol, myricetin, and (*)-catechin
were from Fluka. Cyanidin chloride, eriodyctiol, isoquercit-
rin, isorhamnetin, spiracosid, and tamarixetin were pur-
chased from Extrasynthese. All compounds were dissolved
in DMSO; the final DMSO concentration never exceeded
0.1% (v/v).

2.4, Satistics

Data are presented as mean values = standard error of
the mean (S.E.). Mean values of the tissue preparations
receiving the respective drug were compared with mean
values from control tissues derived from the same animals
receiving only the vehicle. In some experiments, single
tissues had to be omitted because basal G, was too high or
because they failed the viability test. Therefore, statistical
significance of the effects was determined using the un-
paired t-test.
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Fig. 2. Time-course of luteolin-induced increase in short-circuit current
(l) across rat proximal (A) and distal (B) colon. Luteolin (#, 100 uM)
was added at time O to both sides of thetissue (N = 6in A and B); controls
(©) received vehicleonly (N = 5in A, N = 6in B).

3. Results

All compounds were added at a concentration of 100 wM
to the mucosal and serosal side of the tissue. For particular
flavonoids that induced a prominent increase in |, exper-
iments were repeated with the addition of these flavonoids
to the mucosal side only.

First, several compounds from different flavonoid classes
were tested. They were selected according to the criterion
that they had the same hydroxylation pattern as quercetin in
ring A (positions 5 and 7) and ring B (positions 3’ and 4');
therefore, they differed only in their heterocyclic ring C,
which determines their class specifity (Fig. 1).

The flavone luteolin, which differs from the flavonol
guercetin only in the missing hydroxyl group at position 3,
induced a significant increase in I, in the proximal and
distal colon (Fig. 2) which was similar in size and time-
course as that induced by quercetin in earlier studies[9,13].
Luteolin also increased G; in both proximal (AG, = 4.9 =
0.4mScm 2 N = 6) and distal colon (AG, = 3.2+ 1.1mS
cm~2, N = 6) compared to controls (proximal colon: AG, =
20+ 0.8mScm % N =5,P < 0.01) (distal colon: AG, =
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Fig. 3. Effect of various flavonoids on short-circuit current (Al ) acrossrat
proximal and distal colon. All compounds were added at a concentration of
100 uM to both sides of the tissue. Black bars are control values, open bars
are values in the presence of the respective substance. Numbers in paren-
theses indicate the number of experiments. *P < 0.05, **P < 0.01
versus respective controls.

0.7+ 0.1mScm 2 N = 6, P < 0.05). The flavone aso
increased | . in the distal segment when it was added only
to the mucosal side by 0.9 + 0.4 wEq h™* cm™2 (control:
Al =—-01+01uEqgh *cm 2 bothN = 6, P < 0.05),
athough this effect seemed to be smaller compared to
bilateral addition (not significant). In parallel to the short-
circuit current, G, increased dightly but this was not sig-
nificant in this experimental series. In contrast to the distal
segment, mucosal luteolin had neither an effect on | o nor on
G, in the proximal colon.

The flavanone eriodyctiol, which lacks the double bond
between C2 and C3 in comparison to luteolin, failed to
increase |4, or G, in the proximal colon. Remarkably, eri-
odyctiol induced atransient decreasein | .. (Fig. 3) andin G,
(AG, = —0.8 = 0.1 mScm % N = 5; controls: AG, =
—0.2+01mScm % N =5P < 0.01) inthedistal colon.
The flavanonol taxifolin, which is hydroxylated at position
3in comparison to eriodyctiol, showed no effect on | .. or G,
a al (Fig. 3). The flavanol catechin, which lacks the 4-oxo
group in comparison to taxifolin, was similarly ineffective
(Fig. 3). The same was true for the anthocyanidine cyanidin
chloride (Fig. 3).

Next, flavonols were investigated which differed from
quercetin in the hydroxylation pattern of ring B. The flavo-
nol galangin lacks hydroxyl groups in ring B, whereas
kaempferol is hydroxylated at position 4’ and myricetin at
positions 3', 4’, and 5’. Similar to quercetin and luteolin,
myricetin also increased the | . in proximal and distal colon
(Fig. 3). The time-course of this increase, however, was
more transient than that induced by luteolin or quercetin;
around 30 min after addition of myricetin, the |, had
returned to basal values. G, was also increased significantly
by myricetin in both colonic segments (proximal colon:
AG, =18+ 02mScm % N = 7, control: AG, = 0.2 +
02mScm 2 N =5 P < 0.001) (distal colon; AG, =
1.1 + 04 mScm ? control: AG, = 0.0 = 0.1 mScm ™2,
both N = 7, P < 0.05).

Kaempferol induced in the proximal colon only a small,
but significant increase in Iy, (Fig. 3) and G, (control:
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Fig. 4. Time-course of galangin-induced decrease in short-circuit current
(l&) across rat proximal (A) and distal (B) colon. Galangin (¢, 100 n.M)
was added at time O to both sides of thetissue (N = 6 in A and B); controls
(©) received vehicleonly (N = 6in A and B).

AG, = 02 + 0.1 mScm 2 N = 7; keempferol: AG, =
22 05 mScm 2 N = 7, P < 0.01). In the distal
segment, kaempferol had no significant effect. The flavonol
galangin, which is devoid of any hydroxyl groups at ring B,
had the opposite effect to the other flavonals; it decreased
| clearly in both colon segments (Fig. 4). Remarkably, the
addition of galangin led to a marked increase in G, by
19.1 + 11.0 mS cm™ 2 in the proximal and by 57.4 + 14.6
mS cm™ 2 in the distal colon, which could indicate a severe
disturbance of the epithelial integrity by this compound.

Since most flavonoids occur naturaly as glycosides in
plants, two common glycosides of quercetin were addition-
ally tested: isoquercitrin (quercetin-3-O-glucoside) and spi-
racosid (quercetin-4'-O-glucoside). Whereas isoquercitrin
increased |, in proxima colon only, spiraeosid did so in
both segments (Fig. 5). The latter glucoside also increased
G, dignificantly in the proximal colon by 4.9 = 0.8 mS
cm~2 (control: AG, = 1.4 = 0.7 mScm 2 both N = 6,
P < 0.01) aswell asin the distal colon by 1.5 = 0.3 mS
cm~2 (control: AG, = 0.3 = 0.2 mScm 2 both N = 6,
P < 0.01). Isoquercitrin, on the other hand, did not alter
tissue conductance at all in both segments.
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Fig. 5. Effect of quercetin glucosides and methylated quercetin metabolites
on short-circuit current (Alg) across rat proximal and distal colon. All
compounds were added at a concentration of 100 uM to both sides of the
tissue. Black bars are control values, open bars are values in the presence
of the respective substance. Numbers in parentheses indicate the number of
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus respective
controls.

Two metabolites of quercetin, which are often found in
plasma and bile after oral intake of this flavonol, are isorh-
amnetin (3'-O-methyl-quercetin) and tamarixetin (4'-O-
methyl-quercetin) [14-17]. Therefore, these derivatives of
quercetin were also investigated. Isorhamnetin induced a
very smal |, increase which was only significant in the
distal colon (Fig. 5). G, was not altered at all by this
quercetin metabolite. In contrast, tamarixetin increased | o
distinctly in both colonic segments (Fig. 5). The observed
increases in G, were not significant, though. Because of the
clear effect on |, tamarixetin was added in another series
of experimentsto the mucosal side of thetissue only. Again,
arise in |4 could be observed which was significant in
proximal colon (control: Al = 0.1 = 0.1 wEqh™*cm™2,
N = 7; tamarixetin: Al. = 0.5+ 0.1 uEgh *cm 2 N =
8, P < 0.05) as well as in the distal segment (control:
Al = =03 + 0.1 uEg h™* cm™2 N = 8; tamarixetin:

«=07*03uEgh*cm? N =8, P < 0.01). G,
was not significantly altered in these experiments.

The non-flavonoid gossypol, which is found in cotton-
seed, also induced a significant increase in |y in proximal
(Fig. 6) and in distal colon (Alg, = 2.3 + 0.4 uEq h™?
cm 2 N = 6; controls: Al = 0.0 = 0.1 uEg h™tecm™2,
N = 6, P < 0.001) when it was added to both sides of the
tissue at a concentration of 100 uM. Remarkable was the
rise in G, by 17.6 + 28 mS cm 2 (P < 0.01) in the
proximal and by 52.4 + 4.0 mScm 2 (P < 0.001) in the
distal segment after addition of the polyphenol. Gossypol
had a somewhat lesser effect when added exclusively to the
mucosal side. In proximal colon, it increased I by 1.1 +
0.4 nEgh~tcm™2 (N = 7) (controls: Al = 0.0 = 0.1 uEq
h™*cm 2 N =7,P < 0.05) and G, by 45 = 22mScm?
(controls: AG, = 0.6 = 0.9 mScm % P > 0.05). In the
distal segment, mucosal gossypol increased | . by 1.8 = 0.8
pEgqh ™t em 2 (N = 7) (controls: Al = 0.1 + 0.1 uEq
h™*cm 2 N =7, P> 0.05) and G, by 31.4 = 85 mS
cm 2 (controls: AG, = —1.1 = 0.7 mScm 2, P < 0.01).
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Fig. 6. (A) Molecular structure of the plant polyphenol gossypol. (B)
Time-course of gossypol-induced increase in short-circuit current (lg.)
across rat proximal colon. Gossypol (¢, 100 uM) was added at time O
to both sides of the tissue (N = 6); controls (<) received vehicle only
(N=7).

4, Discussion

In previous studies, it was demonstrated that the flavonol
guercetininducesa Cl ~ secretion in rat intestine [9,13]. We
therefore tested some quercetin derivatives and other fla-
vonoids in order to determine the structural requirements
necessary for the secretory activity of these compounds in
intestinal epithelium. A concentration of 100 uM was used
to compare these compounds at the maximal effective dose
of quercetin. In the small intestine, most of the fluid is
absorbed, whereas the absorption of flavonoids seems to be
rather limited [3,15-17]. In addition, flavonoids absorbed
from the small intestine are conjugated and partially se-
creted back into the intestinal lumen directly by the entero-
cytes and via the bile [18]. Furthermore, considering the
facts that the bioavailability of most flavonoidsis rather low
and plants contain amost exclusively various flavonoid
glycosides from which the carbohydrate moiety is split off
by bacteria glycosidases mainly in the large intestine [19],
an increase in the flavonoid concentration might be ex-
pected to occur in the lumen of the large intestine. Although
exact local concentrations cannot be calculated from daily
intake, micromolar concentrations of certain flavonoids may
be achieved in this segment. It was demonstrated that the
flavonol quercetin already induces a significant secretion in
the low micromolar range [9].

Since the effect of the flavone Iuteolin was very similar
to that of quercetin, it may be concluded that the hydroxyl
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group at position 3 in the heterocyclic C ring does not play
arole in the secretory activity of flavonoids. Luteolin was
also effective from the mucosa side, a property that was
also demonstrated for the flavonol quercetin in a previous
study [9]. However, this observation does not exclude the
possibility that luteolin (or quercetin) acts via cytosolic sites
after cellular uptake or at the basolateral membrane of
enterocytes after paracellular or transepithelial uptake. It
was demonstrated that the flavone is absorbed from the
small intestine and, therefore, might also be capable of
passing the large intestinal mucosa [20,21].

On the other hand, the failure to induce secretion of the
tested flavanone, flavanonol, flavanol, and anthocyanidine,
which all lack the 2,3-double bond and/or the 4-o0xo group
in the heterocyclic C ring, clearly point out that these two
structural features are mandatory for the secretory effect of
flavonoids. These structures also occur in isoflavones like
genistein, which differ from other flavonoids by the substi-
tution of the aromatic B ring at the 3-position (Fig. 1). In
fact, many studies have demonstrated the secretory activity
of genistein; this was also confirmed in native intestinal
epithelium [9-12].

The observation that galangin decreased | . leads to the
conclusion that the B ring has to be hydroxylated in order to
induce secretion. The decrease in | . could indicate a cation
secretion or, more likely, an inhibition of basal Cl™ secre-
tion. The drastic increase in G, induced by galangin prob-
ably indicates a severe disintegration of the epithelium by
this compound, with the reason being unknown at present.
A single hydroxylation site, like that seen in kaempferol,
induced arelatively weak secretion that was only significant
in the proxima colon. In contrast, myricetin with three
hydroxylation sites in ring B showed a larger effect in both
segments. However, in comparison to the secretion induced
by quercetin or luteolin, the effect of myricetin was only
transient. An o-dihydroxy structure in the B ring seems,
therefore, favourable for the secretory activity.

Two common glycosides of quercetin found in edible
plants, isoquercitrin and spiraeosid, also induced an increase
in |l inthe proximal colon. However, isoquercitrin failed to
do so in the distal segment. Recently, it was demonstrated
that human, rat, and sheep small intestine possess 8-gluco-
sidases which are capable of hydrolyzing flavonoid glu-
cosides including isoquercitrin and spiraeosid [22-24]. Al-
though such an enzymatic activity has yet not been
demonstrated in the hindgut, we cannot exclude hydrolysis
of the glycosides due to B-glucosidase or glucuronidase
activity, because uptake of the glycosides themselves can be
expected to be rather limited in the large intestine. It is
noteworthy that small intestinal B-glucosidases were not
able to hydrolyse the quercetin glycoside rutin (quercetin-
3-O-rutinoside) [22-24]. Interestingly, rutin failed to exert
any effect on | in a previous study [9].

Quercetin and other flavonoids are extensively metabo-
lized in the intestinal wall during absorption. Glucuronida-
tion and O-methylation occur in the small intestine which

possesses UDP glucuronosyltransferase and catechol-O-
methyltransferase activity [20,21,25,26]. Two metabolites
commonly found in the plasma of various species after oral
intake of quercetin are isorhamnetin and tamarixetin [14—
17]. Isorhamnetin induced a slight increasein | . only in the
distal colon. However, tamarixetin had a marked effect
comparable with that of quercetin in both segments. Tama-
rixetin was also effective after addition to the mucosal side
only. This is of importance since metabolites of quercetin
are partly released into the intestinal lumen by enterocytes
of the small intestine or secreted via the bile [18]. Such
compounds could reach the large intestine. Therefore, it
could be possible that at |east part of the secretion observed
after addition of quercetin or quercetin glycosides is due to
the activity of metabolites such as tamarixetin.

Since many flavonoids are potent antioxidants in vitro,
we compared the structural requirementsfor this antioxidant
activity with those mandatory for the secretory activity. A
previous study concluded that the following structural fea-
tures explain the potent antioxidative effect of certain fla-
vonoids: (i) the presence of a 3',4’-dihydroxy structure in
the B ring; (ii) the presence of a 2,3-double bond in con-
junction with a 4-oxo group in the C ring, which are re-
sponsible for electron delocalization; (iii) the presence of 3-
and 5-hydroxy! groups for maximal radical-scavenging po-
tentia [7]. In further studies the importance of the 3- and
5-hydroxyl groups was questioned [6]. In addition, not cri-
terion (i) per se, but rather the conjugation between rings A
and B via a planar C ring is likely the decisive feature for
the ability of electron delocalization. This can explain the
potent antioxidant activity of quercetin and cyanidin in
those studies [6,7]. Although, at first sight, these criteria
seem to be similar to those found in our study, they do not
apply to the secretory activity since cyanidin showed no
effect at all on Cl™ secretion. Furthermore, eriodyctiol,
taxifolin, catechin, and the quercetin glycoside rutin showed
an antioxidant effect till larger than that of alpha-toco-
pherol, ascorbate, or glutathione in vitro [6,7], whereas
these flavonoids were ineffective in the present or a former
study [9], respectively. Thus, we conclude that the secretory
activity of flavonoids in intestinal epithelium is a quality
which is distinct from their antioxidative properties.

A plant polyphenol with a structure different from fla-
vonoids, gossypol, was able to induce an effect similar to
that induced by quercetin and luteolin. Gossypol, which
consists of two linked naphthalene rings, lacks a heterocy-
clic ring and a fixed 2,3 double bond. Besides hydroxyl
groups, adehyde, methyl, and isopropyl groups serve as
substituents. At present, we cannot say if the mechanism by
which gossypol induces secretion in rat colon isthe same as
that used by flavonols and flavones. In contrast to the se-
cretory flavonols and flavones, gossypol drasticaly in-
creased G, which indicates a severe disturbance of epithe-
lial integrity with probably large increases in paracellular
permeability. This observation points to a different mode of
action.
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At present, we can only speculate about the biological
significance of this observed effect. Principaly, the secre-
tion evoked by some of the investigated polyphenols could
help to solubilize the ingesta and support fermentation pro-
cesses. An increased secretion could also help to dilute
pathogenic and toxic materia at the epithelial barrier of the
intestine.

In summary, flavonoids with a y-pyrone ring and a hy-
droxylated B ring are capable of inducing secretion in in-
testinal tissues. The same characteristic is also found with
certain glycosides and methoxylated metabolites of querce-
tin. However, this quality requires different structural fea-
tures than those mandatory for the antioxidative properties
of flavonoids.
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