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Effects of dietary lectins on ion transport in epithelia
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1 Phytohemagglutinins are widely distributed in common food items. They constitute a
heterogeneous group of proteins, which are often resistant to proteolysis in the gastrointestinal tract.
Upon binding to the luminal membrane of intestinal cells, they can interfere with digestive, protective
or secretory functions of the intestine.

2 Phytohemagglutinins present in red kidney beans and jackbeans have been shown to induce
diarrhea and hypersecretion in human airways, but the underlying mechanisms remain obscure. We
examined how agglutinins from wheat germ (WGA), soy bean (SBA), red kidney beans (Pha-E, Pha-
L), and jackbeans (Con-A) affect ion transport in mouse airways and large intestine using Ussing
chamber techniques.

3 We found that Pha-E, Pha-L, and Con-A but not WGA and SBA inhibit electrogenic Na™
absorption dose dependently in both colon and trachea. The inhibitory effects of Con-A on Na™
absorption were suppressed by the sugar mannose, by inhibition of phospholipase C (PLC) and
protein kinase C (PKC).

4 Thus, nutritional phytohemagglutinins block salt absorption in a PLC- and PKC-dependent
manner, probably by inhibition of the epithelial Na® channel (ENaC). This effect may be
therapeutically useful in patients suffering from cystic fibrosis.
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Introduction

Lectins are carbohydrate-binding proteins present in most
plants, especially seeds and tubers likes cereals, potatoes, and
beans. They constitute a heterogeneous group of proteins,
often resistant to proteolysis in the gastrointestinal tract. Some
species of beans are particularly rich of these phytohemagglu-
tinins (Pha) such as red kidney beans, which contain Pha-E
(erythroagglutinin) and Pha-L (leuagglutinin). These and other
lectins are often resistant to cooking and digestive enzymes
and sometimes cause food poisoning (Sharon & Lis, 1989).
They may not only cause local toxic and inflammatory
responses but have also been demonstrated to penetrate the
gut wall and may be deposited in distant organs (Wang et al.,
1998). Thus, a variety of diseases can be induced by these
lectins, such as coeliac disease, peptic ulcer, IgA nephropathy,
insulin dependent diabetes, rheumatoid arthritis, and they may
even promote upper respiratory infections (Freed, 1999).
Lectins bind to carbohydrate residues located in the luminal
membrane of intestinal epithelial cells, and thus may induce
cellular effects causing interference with digestive, protective,
or secretory functions of the intestine. Coeliac disease is a well-
known example, induced by gluten, a wheat germ agglutinin
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(WGA) (Kolberg & Sollid, 1985). Hypersensitivity towards
gluten leads to duodenal mucosal damage. These changes in
mucosal architecture are accompanied by a change in the
electrogenic secretory response in the small intestine (Reims
et al., 2002). Stripping of the intestinal mucous coat and
bacterial overgrowth has also been observed in the small
intestine of rodents fed by lectin from red kidney beans
(Phaseolus vulgaris) (Banwell et al., 1988). Moreover, the
jackbean lectin concanavalin A (Con-A) causes hypersecretion
of mucus in human nose and rat jejunum. It has therefore even
been proposed for the treatment of cystic fibrosis patients
(Freed & Buckley, 1978; Greer & Pusztai, 1985).

Little is known regarding the cellular effects of lectins on
signal transduction and possible changes of ion conductances.
For the mitogenic properties of some lectins, intracellular
signaling includes activation of phospholipase C (PLC),
formation of 1,4,5-inositol trisphosphate (IP;) and activation
of protein kinase C (PKC). Activation of this second
messenger cascade is likely to affect membrane ion conduc-
tances and thus may change epithelial transport properties.
The purpose of the present study, therefore, was to determine
acute effects of different lectins on electrical properties in
mouse colon. As colonic and airway epithelia share many ion
transport properties and because a previous report suggested
effects of lectins on ion transport in the respiratory epithelium,
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we also examined the effects of lectins on mouse trachea
(Freed & Buckley, 1978). The present results show inhibition
of electrogenic Na™ absorption by different lectins, and thus
explain why salt absorption is inhibited and how lectins cause
diarrheal disease (Banwell et al., 1984; Dobbins et al., 1986).

Methods
Ussing chamber recordings

Distal colon and tracheas were removed from mice (Quacken-
bush, animal facility of the University of Queensland and BL/
6, Charles River, Germany) after killing the animal by cervical
dislocation. After removing connective tissues, tracheas were
opened by a longitudinal cut. The mucosa of the distal colon
was separated mechanically from the submucosal layer.
Tissues were put immediately into a ice cold buffer solution
of the following composition (mmoll~"): NaCl 145, KCI 3.8,
D-glucose 5, MgClI, 1, HEPES 5, Ca-gluconate 1.3. The tissues
were mounted into a perfused micro-Ussing chamber with a
circular aperture of 0.95mm? as described previously (Mall
et al., 2003). The apical and basolateral surfaces of the
epithelium were perfused continuously at a rate of up to
10mlmin~! (chamber volume 2ml). The bath solution
contained the following (mmoll~"): NaCl 145, KH,PO, 0.4,
K,HPO, 1.6, D-glucose 5, MgCl, 1, HEPES 5 and Ca-
gluconate 1.3. The pH was adjusted to 7.4 and all experiments
were carried out at 37°C.

Experimental protocols

Experiments were performed under open circuit conditions.
Transepithelial resistance (R,) was determined by applying
short (1) current pulses (A7/=0.5pA) and the corresponding
changes in V. (AV,.) and basal V. were recorded continuously
(cf. inset in Figure la). Values for the transepithelial voltage
(V) were referred to the serosal side of the epithelium. The
equivalent short circuit current (/) was calculated according
to Ohm’s law from V. and R, (I.= Vi/R.). After mounting
the tissues in Ussing chambers, an equilibration time of 30 min
was allowed for stabilization of basal V. and R.. Amiloride
(10 umol 17!, luminal) was added to inhibit electrogenic Na™
absorption. Continuous bilateral bath perfusion allowed to
perform consecutive measurements of amiloride-sensitive Na ™
absorption and Cl~ secretion activated by carbachol or
forskolin and IBMX, in the absence or presence of lectins in
the bath solution. For incubation with lectins, luminal or
basolateral bath perfusion was reduced and luminal and
basolateral compartments were air bubbled.

Materials and statistical analysis

All used compounds were of highest available grade of purity.
WGA from Triticum vulgaris, soy bean agglutinin (SBA) from
Glycine max, phaseolus hemagglutinin, Pha-L and Pha-E,
from P. vulgaris (red kidney bean), and Con-A from Canavalia
ensiformis (Jack bean) were all obtained from Sigma
and BioChemika, respectively (Sigma-Aldrich Australia).
3-Isobutyl-1-methylxanthine (IBMX), forskolin, amiloride,
bisindolylmaleimide 1 (BIM), and 1,2-Bis(2-aminophenox-
y)ethane-N,N,N ¢ ,N ¢-tetraacetic acid tetrakis(acetoxy-methyl

ester) (BAPTA-AM) were all from Sigma (Australia and
Germany). U73122 was from Calbiochem (Australia, Ger-
many). All other chemicals were obtained from Merck
(Darmstadt, Germany). Paired or unpaired student’s #-test
were used for statistical analysis. P-values <0.05 were
accepted to indicate statistical significance (*).

Results

Lectins inhibit amiloride-sensitive Na™ absorption
but do not change secretory transport in mouse colon

After mounting mouse colon into the perfused micro-Ussing
chamber, the transepithelial voltage (V) was measured and
the transepithelial resistance (R,) was calculated from the
voltage deflections (AV,.) induced by pulsed current injection
(0.5uA) (Figure la). Under control conditions, V. of
—3.1+0.5mV and R, of 41.4+6.5Qcm? were measured and
an equivalent short circuit current of —78+15.1 uAcm™>
(n=4) was calculated. The short circuit current was dominated
by electrogenic Na* absorption, since 10 umoll~" amiloride
reduced 7. reversibly to 17.8+3.6 uA cm~? (Figure la and b).
We examined if different lectins, previously described to induce
diarrhea, change the ion transport properties of the colonic
epithelium. To that end we examined the effects of Con-A,
Pha-E and Pha-L from red kidney beans (phaseolus) as well as
WGA and SBA. The agglutinins were applied to either luminal
or basolateral sides of epithelial tissues at concentrations of
100 ugml~'. We found that incubation of the luminal side of
the mucosa for 20 min with Con-A, Pha-E and Pha-L reduced
the transepithelial voltage of the colonic epithelium. An
example of an original recording is shown for Con-A in
Figure la. Calculation of the short circuit currents showed
inhibition of amiloride-sensitive Na™* absorption (lie_ami) by
luminal but not basolateral application of Con-A, Pha-E or
Pha-L, while SBA and WGA were without effects (Figure 1b).
The results suggest that only specific lectins have the potential
to change epithelial ion transport properties and to cause
disturbances such as diarrhea. It should be noted that the
inhibitory effects on /.,y were not reversible within 3 h after
washing out of the lectins.

In order to unmask possible secretory effects of lectins,
Con-A was applied in the presence of amiloride. However, no
increase in secretory transport could be assessed. Moreover,
Ca**-dependent Cl~ secretion by carbachol (100 yumoll1~!) and
cyclic adenosine monophosphate (cAMP)-dependent CI™
secretion by IBMX (100 umoll™') and forskolin (2 gmoll™)
were not different in the presence of the lectin (Figure 1c).
Finally, we examined the effect of Con-A when Na™
absorption was eliminated by replacing extracellular Na™
with an equimolar concentration of NMDG . It is shown that
replacement of extracellular Na* by NMDG largely reduced
I, and abolished the effects of amiloride. Under these
conditions Con-A no longer affected I, (Figure 1d). The
experiments therefore suggest that Con-A predominantly, if
not exclusively, affects amiloride-sensitive Na™ absorption.

Na™ absorption is inhibited by lectins in mouse trachea
Owing to the similarities in ion transport of colonic and airway

epithelia, we examined the effects of lectins on mouse trachea.
Under control conditions, V,. and R, of mouse tracheas
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Figure 1 (a) Original recording of the transepithelial voltage V. in a mouse colonic epithelium. The voltage deflections (AV,.) are
induced by pulsed current injection (0.5pA). Effects of amiloride (A, 10 umoll™") before and after exposure (20min) to
concanavalin-A (100 ugml~"). (b) Summary of the effects of the lectins concanavalin-A (Con-A), erythroagglutinin (Pha-E),
leuagglutinin (Pha-L), soy bean agglutinin (SBA), and wheat germ agglutinin (WGA) (all 100 ugm 1~") on amiloride-sensitive Na ™
absorption (I, _ami) in mouse colonic epithelia, when applied to either luminal or basolateral sides. (¢) Summary of the short circuit
currents I, induced by Con-A (100 gmoll™"), carbachol (100umoll™"), and IBMX (100 umoll™') together with forskolin
(10 umol17") in mouse colon in the presence of amiloride. (d) Summary of the effects of amiloride (10 umol1~") applied under control
conditions, after replacing extracellular Na* by N-methyl D-glucamine (NMDG), and after addition of NMDG in the presence of
NMDG. * indicate significant difference when compared to control (number of experiments).

were —12.5+2.2mV and 84.0+ 6.4 Qcm?, respectively and an
equivalent short circuit current of —215.3+29.1 uA cm™2
(n=7) was calculated. As demonstrated for the colon,
application of Con-A (100 ugl™') reduced V. and attenuated
the effects of amiloride on V. (Figure 2a). Similar to the effects
on mouse colon, amiloride-sensitive Na™ absorption (Z._ami)
was inhibited by Iuminal but not basolateral application of
Con-A, Pha-E or Pha-L, while SBA and WGA were without
any effects (Figure 2b). Again, Con-A did not cause a secretory
response of the epithelium. Short circuit currents activated by
carbachol (100 umol1~") or IBMX (100 umol1~") and forskolin
(10 umol1~") were not augmented in the presence of Con-A,
suggesting an exclusive effect on Na* absorption (data not
shown). When we examined the effects of different concentra-
tions of Con-A, Pha-E and Pha-L on the ion transport in
mouse trachea, we found a dose-dependent inhibition of /.
(Figure 2c—e). Concentration-dependent inhibition of I, was

due to inhibition of amiloride-sensitive absorption, as the
inhibitory effect of amiloride on V. is gradually reduced
(Figure 3a). This was not observed when amiloride was applied
repetitively in the absence of the lectin (Figure 3b). Airways of
cystic fibrosis patients show enhanced Na™* absorption, which
plays a central role for the pathophysiology of the CF lung
disease (Kunzelmann & Mall, 2003). Con-A and other lectins
inhibit Na* absorption in both colon and airways, which may
be potentially useful for the therapy of CF lung disease
(Kunzelmann & Mall, 2003). We therefore asked the question,
whether Con-A also inhibits Na* absorption in the airways
of transgenic CF mice, homozygous for the common mutation
in the cystic fibrosis transmembrane conductance regulator
(CFTR) G551D (Oceandy et al., 2003). In contrast to the most
frequent CF mutation AF508, G551D-CFTR is expressed in
the luminal membrane of epithelial cells, but is nonfunctional.
We preferred G551D mice over AF508 mice in order to detect
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Figure 2 (a) Original recording of the transepithelial voltage V. in a tracheal epithelium. Effects of amiloride (A, 10 umoll~")
before and after exposure (20 min) to concanavalin-A (100 ugml~"). (b) Summary of the effects of the lectins concanavalin-A (Con-
A), erythroagglutinin (Pha-E), leuagglutinin (Pha-L), soy bean agglutinin (SBA), and wheat germ agglutinin (WGA) (all
100 ugml™") on amiloride-sensitive Na™ absorption (I_ami) in mouse colonic epithelia, when applied to either luminal or
basolateral sides. (c—e) Dose—response of the effects of the lectins Con-A, Pha-E, and Pha-L on ion transport (/) in mouse trachea.
* indicate significant difference when compared to control (number of experiments).

any possible direct effects of lectins on transport proteins,
including mutant CFTR. In fact, Con-A reduced V.. and
enhanced R, in CF airways similar to that in non-CF mice,
and thus inhibited 7. dose dependently (Figure 3c). Thus,
natural phytohemagglutinins may be well suitable for attenu-
ating excessive Na* absorption in the airways of CF patients.
Inhibition of I, is due to blocking of Na™ absorption,
indicated by attenuated effects of amiloride. In order to
exclude any changes in affinity of the epithelial Na™ channel
(ENaC) for amiloride due to incubations with lectins, we
examined different concentrations of amiloride in the absence
and presence of Con-A. As shown in Figure 3d, incubation
with the lectin did not shift the concentration-response to
amiloride.

Con-A binds to membrane carbohydrates and inhibits
Na™ absorption probably in a PLC- and PKC-dependent
manner

Lectin binding shows a high specificity for carbohydrates
(Sharon & Lis, 1989). Thus, binding of Con-A to the cellular
proteoglycan mannose is impaired by exogenous application of
mannose. We therefore tested whether the inhibitory effects of

100 ugml~! Con-A on I_am; are inhibited in the presence of
10mmol1™" mannose. Luminal application of mannose itself
had no effects on I,.. However, in the presence of mannose, the
inhibitory effects of 100 ugml~' Con-A on I,. were completely
eliminated, suggesting inhibition of epithelial Na™ absorption
via specific binding of Con-A to a membrane proteoglycan
receptor (Figure 4a). It is known from previous studies that
binding to membrane carbohydrates may cause activation of
the PLC pathway with consecutive hydrolysis of phosphati-
dylinositol-4,5-bisphosphate (PIP,), IP; formation and in-
crease in intracellular Ca®*. In fact, when preincubated with
the PLC inhibitor U73122 (10 uM) for 30 min, Con-A did no
longer change I, (Figure 4b). This result suggests that a PLC-
dependent process in involved in the inhibition of I, and
decrease of Na™ absorption. For some phytohemagglutinins,
increase in intracellular Ca®>* along with activation of other
intracellular signaling molecules, such as mitogen activated
protein kinase and PKC has been demonstrated (Sharon &
Lis, 1989). We could demonstrate recently that stimulation of
the PKC cascade is involved in the attenuation of airway Na™
absorption by influenza virus (Kunzelmann et al., 2000). This
prompted us to further examine the intracellular events
causing inhibition of Na™ absorption. To that end, amiloride

British Journal of Pharmacology vol 142 (8)
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Figure 3 (a) Original recording of the transepithelial voltage V. in mouse trachea. At 20min incubation of increasing
concentrations of Con-A reduced V. and the inhibitory effect of amiloride on V.. (b) Incubation for the same time period in control
ringer solution did not reduce V. and did not attenuate amiloride responses. (c) Dose-response curve for the inhibitory effects of
Con-A on I, measured in tracheas of homozygous G551D-CFTR mice. (d) Concentration dependence of the inhibitory effect of
amiloride on I detected in mouse trachea in the absence or presence of Con-A (number of experiments).

was applied to airway epithelia and 7, was determined.
Afterwards, the tissue was incubated from both sides for
30min with 10 umoll~' with the membrane permeable Ca®*
chelator BAPTA-AM, which did not significantly affect
amiloride-sensitive Na™ transport. The efficacy of BABTA-
AM to chelate Ca’* was demonstrated by application of
carbachol (100 gumol1~'), which is know to increase cytosolic
Ca?". The carbachol induced I, of 185.6+55.8 uA cm~2 was
significantly reduced to 74.5+19puAcm™> (n=5) in the
presence of BAPTA-AM. However, all three phytohemagglu-
tinins, Con-A, Pha-E, and Pha-L (each 100ugml™") still
inhibited 7. to the same extent in the presence of BAPTA-
AM. Thus, inhibition of I_an; is not caused by a possible
increase in intracellular Ca®*. Similar experiments were
performed with an inhibitor of PKC, bisindolylmaleimide
(BIM, 0.5 umoll™"). Similar to BAPTA-AM, BIM did not
affect amiloride-sensitive Na™ transport when applied for
30 min to both basolateral and luminal sides of the epithelium.

In the presence of BIM, phytohemagglutinins-dependent
inhibition of I._an; was still observed, although the effect
was reduced when compared to the absence of BIM. Since
previous reports have shown a PKC-dependent inhibition of
ENaCs, these results suggest that lectins from red kidney beans
and jackbeans reduce colonic and airway Na™ absorption by a
PLC-dependent mechanism, partially due to PKC mediated
inhibition of ENaC.

Discussion

Lectins are glycoproteins of nonimmune origin that aggluti-
nate cells and/or precipitate complex carbohydrates.
The agglutination activity of these highly specific carbohy-
drate-binding molecules is usually inhibited by a simple
monosaccharide, but for some lectins di, tri, and even
polysaccharides are required (Sharon & Lis, 1989). In the

British Journal of Pharmacology vol 142 (8)
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Figure 4 Effects of inhibitors of signal transduction on lectin effects in mouse trachea. (a) Summary of the effects on /. of luminal
application of mannose (10 mM) and Con-A (100 umol1™") in the presence of mannose. (b) Summary of the effects on /. of luminal/
basolateral application of the PLC inhibitor U73122 (10 uM) and Con-A (100 umoll~") in the presence of U73122. (c-h) Effects of
Ca?* chelating by 30 min preincubation with BAPTA-AM (10 umol1~") and inhibiting protein kinase C by 30 min preincubation
with BIM (1 umol1~") on lectin induced changes in transport. (c, e, g) Subsequent application of amiloride (10 umoll~") under
control conditions, after incubation in BAPTA, and after addition of the lectin in the presence of BAPTA. (d, f, h) Subsequent
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present study we found inhibition of amiloride-sensitive Na™
transport by the lectin Con-A, which was blocked by the sugar
mannose. Since binding of Con-A is specific to mannose linked
carbohydrates, we assume that inhibition of Na* absorption
by Con-A occurs through binding of Con-A to these
proteoglycan receptors (Sharon & Lis, 1989). Inhibition of
electrogenic Na* absorption by Con-A or the P. vulgaris
lectins will shift the net transport by the colonic epithelium
from NaCl absorption towards secretion. This is likely to take
part in the diarrhea inducing effects of these lectins. Previous
reports have shown inhibition of NaCl absorption in the rabbit
ileum, although up to 50-fold higher concentrations of the
Phaseolus phytohemagglutinin has been used in these experi-
ments (Dobbins et al., 1986). In fact, at higher concentrations
additional complications have been described such as translo-
cation of intraluminal enteric bacteria into mesenteric lymph
nodes and increased vascular permeability (Greer & Pusztai,
1985; Shoda et al., 1995). These results may explain why
several plant lectins may cause severe diarrheal disease in
human and animals (Banwell ez al., 1984; Freed, 1985, 1999).
We were unable to detect a secretory responses by the lectins in
both colon and trachea, and the secretory response of cAMP
or Ca’" enhancing secretagogues were not augmented by
lectins. Thus, at the low concentrations of lectins used in the
present study, their cellular effects appear to be limited to
inhibition of Na™ absorption and shift towards electrolyte
secretion rather than active secretion or epithelial destruction.

The present results exclude a role of Ca>* for the inhibition
of Na* absorption by lectins, since the Ca’* chelator
BAPTA-AM did not interfere with the inhibitory effect.
Although BAPTA-AM was not able to completely inhibit
the carbachol response, it largely reduced carbachol induced
secretion. Thus, a role of intracellular Ca*™ appears unlikely.
However, phytohemagglutinins inhibit epithelial Na™ absorp-
tion obviously via activation of PLC, as indicated by the PLC
inhibitor U-73122, which is inhibitory to several PLC subtypes
(Chen et al., 1998). Notably, several PKC isoforms are
expressed in both colonic and airway epithelia including the
Ca?" independent PKCS (Cerda et al., 2001; Wang et al.,
2003). Activation of PLC and subsequent hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP,) into IP; and
diacylglycerol (DAG) has also been shown for mitogenic
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of the channel (Ma et al., 2002; Yue et al., 2002). It is therefore
entirely possible that lectin induced activation of PLC and
hydrolysis of PIP, reduces binding of ENaC to PIP, and thus
deactivates the channel. Moreover, previous studies also
demonstrated inhibition of ENaC by PKC when expressed in
Xenopus oocytes (Awayda et al., 1996; Kunzelmann, 2003). In
contrast, an effect of PKC on epithelial Cl~ secretion could not
be demonstrated for the native human colonic epithelium
or airways (Kunzelmann, 2003). The present results show
inhibition of Na™ absorption by phytohemagglutinins, with-
out stimulation of a CI™ secretion, which is in good agreement
with those previous findings.

Previous reports found mucotractive effects of lectins,
presumably by a change in ion transport in the respiratory
epithelium (Freed & Buckley, 1978; Freed, 1999). In cystic
fibrosis, hyperabsorption of NaCl by the respiratory epithe-
lium is a major pathophysiological factor, contributing
essentially to the reduced airway surface liquid and reduced
mucociliary clearance (Boucher, 2001). As lectins induce a
long-lasting inhibition of amiloride-sensitive Na ™ absorption
in airways and intestine, they may even be considered as a new
treatment for the cystic fibrosis lung disease (Freed & Buckley,
1978; Greer & Pusztai, 1985).
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