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Effect of condensed tannins from black currant (Ribes nigrum)
on acetylcholine-induced contractility in isolated rat intestine
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ABSTRACT: The condensed tannins (CTs) from black currant (R. nigrum) leaves were isolated as a tannin fraction
to investigate their effect on isolated rat duodenal contraction induced by acetylcholine (ACh). The mechanisms of
CT action were compared with those of a muscarinic receptor antagonist (atropine) and a calcium channel blocker
(verapamil). Duodenal segments were fixed in organ bath, and the frequency, amplitude, and tone of contraction
were recorded. The experiments were performed in seven groups, including the vehicle control, CTs (10, 50, 100,
and 300 pg/ml), atropine (1.55x107> M), and verapamil (10~® M), with cumulative additions of ACh (1078-10* M).
The possibility that CTs might act by altering ion channel activity in intestinal epithelial cells was tested in a human
colonic adenocarcinoma cell line by measuring the equivalent short-circuit current, compared with that induced by an
adenylyl cyclase activator forskolin (10 uM). It was found that CTs at low concentrations (10 and 50 pg/ml) significantly
decreased the frequency of ACh-induced duodenal contractions. Only the CTs at high concentration (300 pg/ml)
were able to inhibit ACh-induced amplitude and tone of contraction, similar to those of atropine, but not verapamil.
Preliminary data of equivalent short-circuit currents were unaltered after the four doses of CTs, in contrast to forskolin.
It is concluded that the mechanism of CT action is more likely mediated via the muscarinic receptor signaling pathway
rather than through inhibition of Ca?* channels in intestinal pacemaker and smooth muscle cell membranes or epithelial

cAMP-dependent CI” secretion.
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INTRODUCTION

Condensed tannins (CTs) or proanthocyanidins (Pas)
are classified in the tannin group according to their
chemical structures. CTs are polymers of flavan-3-ols
and are found abundantly in many medicinal plants
and vegetable foods that are widely consumed. CTs
are complex organic compounds that generally possess
astringent properties and would be able to precipitate
proteins, peptides, and other compounds such as al-
kaloids [1,2]. The structure of CTs is oligomers and
polymers of flavanols and comprises the linked flavan-
3-ol units with extender and terminal flavanol sub-
units [3]. The biological activities of CTs have been
reported along with the different characteristics in CT
composition between extension and terminal units.
Thiolysis with benzyl mercaptan (BM) is one of the
techniques that has recently been developed to provide
the quantitative and qualitative data of CTs [4]. During
the thiolysis reaction, the terminal units of CTs are
released mainly as free flavan-3-ols, including cate-
chin (C), epicatechin (EC), gallocatechin (GC), and
epigallocatechin (EGC), and the extension units are as
benzyl mercaptan (BM) derivatives, including C-BM,
EC-BM, GC-BM, and EGC-BM (Fig. 1) [4]. Moreover,

the structural composition of CTs can be identified
after thiolytic degradation by High-Performance Liquid
Chromatography (HPLC) or Liquid Chromatography-
Mass Spectrometry (LC-MS) chromatograms, such as
procyanidin/prodelphinidin ratio (PC/PD), cis/trans
ratio, and mean degree of polymerization (mDP) [4].

The beneficial biological activities of CTs,
such as antioxidant, antimicrobial, antiviral, anti-
inflammatory, anthelmintic, anti-palatable, anticancer,
antithrombotic, and antidiarrheal activity, have been
widely investigated [2,5-8]. The antimicrobial
activity of CTs has been shown to interfere with the
ulcerogenic pathogen Helicobacter pylori in human
gastric mucosa. In addition, CT-rich beverages have
been reported to reduce H. pylori colonization in
human gastrointestinal tract [2]. The anti-nutritional
effect may be attributed to the protein-binding
activity of CTs, which can be beneficial for ruminants
because the complexes could bind with essential
amino acids, thereby preventing their degradation
in the rumen [6]. CTs could lead to a reduction
in palatability because of the astringency of the
CT-protein complexes formed with the proteins in
saliva [7]. Recently, both condensed tannins (CTs)
and hydrolyzable tannins (HTs) have been explored
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Fig. 1 Degradation of condensed tannin polymers using benzyl mercaptan (BM).

as potential natural products due to their anthelmintic
properties. For instance, previous research reported
that many CTrich plants can provide sustainable
control of gastrointestinal nematodes (GIN) in
livestock [8]. Furthermore, different types of CTs have
shown varying anthelmintic (AH) effects [6,9-14].
In comparison, HTrich plants, such as Syzygium
aromaticum, contain a high content of eugenol in
both methanolic and hexanic extracts, which exhibit
nematicidal activity against egg hatching and larvae
exsheathment of Haemonchus contortus, as well as
antifungal activity [15].

The structure-activity relationships between con-
densed tannins and their AH effects have been ex-
plored by testing the in vitro AH properties of different
tannin types against GIN [10]. Notably, high propor-
tions of PD showed greater anthelmintic effects than
high PC levels in some nematode species; however, in
other species, higher PD levels combined with larger
condensed tannin (CT) polymer sizes resulted in in-
creased efficacy [10]. Therefore, both the size and the
percentage of PD within CTs are vital in influencing
antiparasitic activity [11]. These results agreed with
other studies, which also supported that PD is more
potent than PC tannins in exerting their biological
activities, even though the precise mechanism of ac-
tion(s) still needs to be examined [11-14].

The dietary Pas or CTs with large molecules, a
mDP greater than 3, remain unabsorbed in the gas-
trointestinal (GI) tract and accumulate in the colonic
lumen. As a result, this impacts the main physiological
processes occurring in the GI tract and exerts protective
properties in some pathological conditions. For exam-
ple, in the mouth, CTs can bind with salivary proteins,
whereas in the small intestine, they can prevent and
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alleviate diarrhea [2]. The prevention of diarrhea
was also reported in other rodent models [16]. The
mechanism of CT action on the GI tract may occur via
the stimulation of intestinal opioid receptors without
affecting the intestinal motility [17].

A few experiments have been reported on the
pharmacological effects of CT subunits. One of the
major tea catechins, epigallocatechin gallate (EGCG),
at the concentration of 10™* M, reduced the frequency
and amplitude of spontaneous contraction in isolated
mouse jejunum by direct action on smooth muscle
cells via a guanylate cyclase-dependent pathway [18].
Another experiment revealed that EGCG, at concen-
trations of 50-200 pM, can inhibit pacemaker activ-
ity of the cultured interstitial cells of Cajal from the
mouse small intestine and reduce intracellular cal-
cium oscillations by cAMP-, cGMP-, and ATP-sensitive
K* channel-independent manner [19]. In contrast,
EGCG at concentrations of 1-20 yM was able to de-
polarize the myenteric neurons in guinea-pig small
intestine in vitro [20] and facilitate cholinergic gan-
glion enteric neuron transmission [21], which brought
about the motility contradiction to the previously men-
tioned experiments. However, one study revealed that
flavonoids and phenolic compounds, including nari-
genin, silibinin, silymarin, and taxifolin, significantly
reduced small- and large-intestinal transit in a dose-
dependent manner in mice, whereas catechins (up to
200 mg/kg, i.p.) showed no significant effect [22].

The study of the direct effects and mechanisms
of action of CTs, particularly PDs, isolated from black
currant leaves on mammalian gastrointestinal motility
has not been widely investigated both in vivo and in
vitro. There is only one study that revealed the physio-
logical effect of CTs isolated from black currant leaves
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on isolated rat duodenal contractions. This study
reported that the PD-type tannins and their effects on
rat duodenal contraction were determined by the alter-
ations in frequency, amplitude, and tonic contraction
compared to ACh, a predominant neurotransmitter
of excitatory motor neuron. The mechanisms of CT
(PD-type tannins) actions were investigated using a
nonselective muscarinic receptor antagonist, atropine,
and a calcium channel blocker, verapamil. It was found
that CTs at concentrations of 0.001-10 ng/ml had no
direct effect on duodenal frequency, amplitude, and
tone of contraction, whereas ACh showed a signifi-
cant increase in tonic contraction, and this effect was
suppressed by atropine. However, in the presence of
atropine and verapamil, CTs caused a further signifi-
cant decrease in the amplitude of duodenal contraction
compared with the effect of the two blockers alone. It
was concluded that CTs may synergize with muscarinic
receptor antagonists and calcium channel blockers at
duodenal enteric neurons, smooth muscle cell mem-
branes, or both [23].

Therefore, this study aimed to investigate the
pharmacological effects of CTs (10-300 pg/ml) on
isolated rat duodenal rhythmic contraction induced
by ACh (1078 to 107* M). The effects of CTs were
then compared with a muscarinic receptor antago-
nist, atropine (1.55x10™> M), and a calcium channel
blocker, verapamil (107® M). The possibility that CTs
may exert its action via cAMP-dependent CI” secretion
was also tested in an intestinal epithelial cell line
(human colonic adenocarcinoma) by measuring equiv-
alent short-circuit current compared with an adenylyl
cyclase activator, forskolin (10 pM).

MATERIALS AND METHODS

Chemicals and drugs

Acetylcholine chloride (CH,CH,0COCH,Cl, MW
181.66) and atropine (C,HysNO,, MW 289.375)
were purchased from Sigma-Aldrich (Steinheim,
Germany); the stock solutions of acetylcholine
chloride were dissolved in distilled water and adjusted
in 5 respective concentrations at 107!, 1072, 1073,
107, and 107> M, while atropine was prepared at
1.125 mg/ml. Verapamil (MW 454.602) was obtained
from T.O. Pharma (Bangkok, Thailand), the stock
solution was prepared at 107 M.

Chemicals for Krebs buffer solution: KH,PO,, KCI,
NaCl, C,,H,,N,Na,0,-2H,0 and D-Glucose were
purchased from KemAus (New South Wales, Aus-
tralia), MgSO , - 7H,0 and CaCl, - 2H,0 from RCI Lab-
scan (Bangkok, Thailand), NaHCO, from CarloErba
(VAL DE REUIL Cedex, France), and L-Ascorcic acid
from Loba Chemie (Mumbai, India). All chemicals
for HEPES buffer solution were purchased from Sigma
(St. Louis, Missouri, USA), except NaCl from Merck
Millipore (Darmstadt, Germany).

Preparation of plant extracts and tannin fractions
from black currant

Black currant (Ribes nigrum) leaves were collected
from Hildred PYO-Farm (Goring-on-Thames, Reading,
UK) in August 2012. The plant sample was cleaned and
dried at room temperature, followed by ball-milling
and freeze drying. The aqueous fractions (F1 and F2)
of the R. nigrum leaves were obtained as described in
a previous study [9]. This plant was selected for this
experiment because it represents a tannin type with
high contents of CT, mDBE PD, and trans-flavan-3-ols.
This tannin type has been reported to show synergistic
effects with a muscarinic receptor blocker and a Ca%*
calcium channel blocker at the physiological doses on
the reduction in isolated rat duodenal contraction [22].
The collected black currant leaves and the freeze-
dried powdered plant material (25 g) were further
extracted with a 70% acetone/water mixture (7:3, v/v;
300 ml) and filtered under vacuum. Chlorophyll and
lipid were removed from the filtrate by liquid-liquid
extraction with dichloromethane (250 ml), and the
organic phase was discarded. The aqueous phase was
rotary evaporated under vacuum at 40°C to remove
residual organic solvents, and the extracts were freeze-
dried and stored at —20°C. The freeze-dried extract
was re-dissolved in distilled water and applied to a
Sephadex LH-20 column with distilled water. The
elution with an acetone/water mixture (3:7, v/v)
yielded fraction 1, CTs (F1); a second elution with an
acetone/water mixture (1:1, v/v) yielded fraction 2,
CTs (F2). Acetone was removed on a rotary evap-
orator with a water bath at 35°C, and the aqueous
residue was freeze-dried. Tannin fractions (F1 and
F2) were quantified and characterized by thiolysis
with benzylmercaptan [3]. Tannin composition was
determined based on the percentages of PCs and PDs,
cis- and trans-flavan-3-ol subunits, and mDP using LC-
MS (Agilent Technologies, Waldbronn, Germany). The
F2 tannin fraction stock solutions were prepared in
distilled water for the isolated rat intestinal contraction
experiments and cell culture studies.

Experimental animals

Male Wistar rats (body weight 220-250 g) were pur-
chased from the National Laboratory Animal Center,
Mabhidol University, Thailand. All animals were housed
under controlled conditions (temperature 23-24°C,
humidity 50-55%, lighting 06:00-18:00 h), fed with
a laboratory diet containing 34.2 mmol sodium chlo-
ride/kg dry weight food, and allowed for free access to
reverse 0smosis water.

Preparation of the duodenal segment and the
duodenal contraction study in an organ bath

The preparation of the rat duodenal segment and duo-
denal contraction study in an organ bath was modified
from Basel et al [24]. On the day of the experiment,
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24-h fasted animals were euthanized by cervical dislo-
cation. The duodenum (8 cm) was quickly excised just
distal to the pylorus and cut into seven segments, each
1 cm in length. Each segment was ligated at both ends
with silk thread. One end was fixed by a glass rod at
the bottom of a 25 ml organ bath (seven chambers at
once), while the other end was vertically attached to a
force transducer (Model MLT 1030/D, ADInstruments,
New South Wales, Australia) connected to a PowerLab
System (4/26 PL2604 ADInstruments) for recording
isometric contractions on a computer. Each organ
bath contained Krebs buffer solution with the following
composition (in mM): KH,PO, 1.2, MgSO,-7H,0 1.2,
KCl 4.7, NaHCO, 25, NaCl 118.4, ascorbic acid 0.1,
Na,EDTA 0.03, glucose 11.1, and CaCl,-2H,0 2.5.
The solution was constantly gassed with a 95% O,
and 5% CO, mixture. The temperature of this buffer
solution was maintained at 37°C. The basal tension
of each isolated segment was initially adjusted to
1 g and allowed for 20-30 min equilibration before
starting the experiment. The spontaneous frequency,
amplitude, and tone of isometric duodenal contraction
were recorded first during the control period and then
throughout the experiment.

Experimental design for duodenal contraction
study

The experiment was divided into seven groups (n =
6-8, each), including Group 1 or vehicle group, in
which 25 pl of vehicle solvent was added to the organ
bath followed by cumulative addition of five doses of
ACh to achieve final concentrations of 1078-10"* M;
Group 2-5 (CT groups), in which CTs were added
to achieve final concentrations of 10, 50, 100, and
300 pg/ml in the bath followed by ACh addition at
the same concentrations as Group 1; and Group 6
and 7 (blocker groups), in which atropine and vera-
pamil were added to achieve final concentrations of
1.55x107> and 107% M, respectively, prior to cumu-
lative addition of ACh at the same concentrations as
Group 1.

Experimental protocol for isolated duodenal
contraction study

After the duodenal segments were fixed at a resting
tension of 1 g, they were allowed to equilibrate un-
til contractions became stable, typically within 20—
30 min. Each experimental group was subjected to a
similar contraction protocol, including measurements
of frequency, amplitude, and tonus over 5 min, which
was defined as the control period. After that, vehicle,
CTs, atropine, or verapamil was added, and the three
contraction parameters were recorded for 5 min prior
to the cumulative addition of the five doses of ACh.
The effect of ACh in the presence of vehicle, CTs,
or blockers was further recorded for 5 min at each
concentration.
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The frequency, amplitude, and tone of contraction
were averaged from the 5-min recordings in each
experimental period and expressed as mean=+S.E.M.
Each contraction amplitude (g) was measured from
the beginning to the maximal contraction, while the
tone was measured from the resting tension (g) to the
baseline of each contraction. The frequency was deter-
mined and expressed in cycles per minute (cpm). The
percentage change of each contraction parameter from
the control value was calculated using the following
equation: % Change from control = [ (mean value after
treatment — mean value of control period) /mean value
of the control period] x100.

Cell culture

The human intestinal epithelial (colonic adenocarci-
noma) cell line, T84 cells, was purchased from the
American Type Culture Collection (ATCC). The cells
were grown in 1:1 Dulbecco’s modified Eagle’s medium
and Ham’s F-12 medium (DMEM-F12) supplemented
with 10% fetal bovine serum and 100 U/ml penicillin
and 100 mg/ml streptomycin. They were maintained
in 75 cm? flasks and incubated in a humidified atmo-
sphere of 5% CO, at 37 °C until reaching 70% conflu-
ence, before being plated on Snapwell inserts (Corn-
ing, New York, USA). For Ussing chamber studies, the
cells were plated on Snapwell inserts at a density of
5x10° cells/insert. Monolayers were incubated for 7-
14 days until tight junctions developed.

Short-circuit current measurement (Ussing
chamber study)

The Snapwell insert was mounted in a Ussing cham-
ber (Micro-Ussing chamber, Model P2300, Physiologic
Instruments, San Diego, USA) connected to a data
acquisition system (PowerLab 4/30, ADInstruments).
Intact T84 monolayers were bathed in HEPES buffer
solution with the following composition (in mM): NaCl
130, KCl 4, H-HEPES 5, Na*-HEPES 5, MgCl, 1, CaCl,
1, and glucose 5; pH 7.4. Transepithelial potential dif-
ference (V,.) was continuously monitored using Chart
V 7 program, with reference to the basolateral side
of the epithelium. Transepithelial resistance (R,.) was
determined by applying short (200 ms) current pulses
of 3 pA with a period of 6 s. The equivalent short-
circuit current (I,.) was calculated according to Ohm’s
law (I = V/R). After the T84 monolayers were allowed
to equilibrate in the Ussing chamber for 10-20 min, CT
extract dissolved in distilled water at concentrations of
10, 50, 100, and 300 pg/ml was added to either apical
or basolateral bathing solution, and the changes in V,,
were recorded for at least 10 min.

Statistical analyses

All data are expressed as meanz+S.E.M. Statistical
analyses were performed using the Sigma plot soft-
ware version 14.5 (Systat Software, Inc., San Jose,
CA, USA). Multiple comparisons were performed using
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Fig. 2 Representative tracing of isolated rat duodenal rhyth-
mic contractions showing the effect of cumulative addition of
108 t0107* M acetylcholine (ACh).

one-way repeated ANOVA or one-way ANOVA, fol-
lowed by Student-Newman-Keuls post hoc test and
t-test. Statistical significance of the mean differences
was considered at p < 0.05.

RESULTS AND DISCUSSION
Results of isolated duodenal contractions

As shown in Table 1, the spontaneous contractions
of the isolated rat duodenum observed in the organ
bath were well recorded. The frequency, amplitude,
and tone of isolated duodenal contractions during
the control period of Group 1 (vehicle) in this study
were 28.7+0.5 cpm, 0.38+0.06 g, and 1.04+0.09 g,
respectively.

Intestinal smooth muscle contraction results from
the electrical discharge and propagation from pace-
maker cells called interstitial cells of Cajal (ICCs),
which are electrically coupled to smooth muscle cells of
the gastrointestinal tract and thus control the motility
[25-27]. The integrated effects of the slow waves and
spike action potentials generated at ICCs determine
smooth muscle activity. Slow-wave activity apparently
occurs as voltage-gated Ca®" channels depolarize the
cell and increase intracellular Ca?t level, followed
by the opening of Ca?*-activated K™ channels, which
repolarize the cell [28,29]. The number of ICC slow
waves that reach the membrane threshold and the
spike potential generation determine the frequency
and amplitude of smooth muscle rhythmic contrac-
tions.

Intestinal smooth muscle contraction is considered
spontaneous and consists of two major characteristics:
rhythmic and tonic contractions. Rhythmic contraction
occurs as a result of an alteration between sponta-
neous contraction and relaxation of the smooth muscle
continuously. Tonic contraction (tonic tension, basal
tension, or basal tone), in contrast, is the sustained
and long-term continuous contraction that results in
a certain basal tone generation in the smooth muscle
wall. In addition, a smaller rhythmic contraction also

occurs simultaneously along with an increase in tonic
contraction, particularly under the regulation of ACh,
a predominant neurotransmitter of excitatory motor
neurons. This can be observed as an effect of ACh at
higher doses (107° to 10™* M) in this study (Table 1
and Fig. 2).

In this study, the addition of ACh (10~° and
1075 M) into the organ bath resulted in a significant
increase in frequency, while all doses (10~7 to 10~* M)
significant increase in tone of duodenal rhythmic con-
traction. However, ACh at the doses of 10~ and
10™* M resulted in a significant decrease in the ampli-
tude of contraction. The smaller rhythmic contraction
also occurs simultaneously along with tonic contrac-
tion, as shown in Table 1 and Fig. 2. It is suggested
that ACh can depolarize the membrane potential and
causes spike potential generation upon the slow-wave
potential of ICCs, thereby resulting in an increased fre-
quency of contraction. The acetylcholine receptors at
the intestine, namely M2 and M3 muscarinic receptors
(M2R and M3R), differentially regulate the intestinal
motor activity, in which M2R plays an essential role
in the generation of rhythmic motor activity, and M3R
has a modulatory role in controlling the periodicity
of the rhythmic activity together with the myenteric
plexus [30]. The action of parasympathomimetic ACh
in this study would result in the opening of voltage-
gated Ca?" channels via either M2R or M3R signaling
pathway, or both, at the smooth muscle cells, ulti-
mately leading to in an increased force of contraction.
The M3R signaling pathway at the smooth muscle cell
membrane involves an increase in intracellular Ca%*
level via activation of inositol triphosphate pathway,
which then causes smooth muscle contraction via G
protein-coupled receptors (Gg) [31].

It has been previously reported that the physiolog-
ical effects of CTs (0.001, 0.01, 0.1, 1, and 10 ng/ml)
on isolated rat duodenal contractions differ from those
of ACh (1078-10"* M). However, in the presence of
atropine (1.55x10™> M) and verapamil (107% M),
those doses of CTs exhibited a synergistic or additive
effect with either atropine, a nonselective muscarinic
receptor, or verapamil, a calcium channel blocker, on
duodenal amplitude of contractions [23]. This sug-
gests the action of CTs as an inhibitor of ACh-induced
duodenal contractions. Thus, this study was designed
to compare the pharmacological effects of CTs (10,
50, 100, and 300 pg/ml) on ACh-induced isolated
rat duodenal contractions with those of atropine and
verapamil at previously reported doses.

The effects of four doses of CTs (10, 50, 100 and
300 pg/ml) on ACh-induced duodenal contractions
are shown in Fig. 3. Not only were all doses of CTs
able to subside 10™> M ACh-induced increase in con-
traction frequency, but they also caused a significant
decrease in frequency at doses of 10 and 50 ng/ml by
18.2+£5.5% and 18.8+5.7%, respectively. However,
only the highest concentration of CTs (300 pg/ml)
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Table 1 The effects of 1078-10~* M acetylcholine (ACh) on the frequency (cycle per minute, cpm), amplitude (g), and tone
() of rhythmic contractions in isolated rat duodenum.

Group 1 (Vehicle, n = 6) Frequency (cpm) Amplitude (g) Tone (g)
Control 28.7+0.5 0.38£0.06 1.04+0.09
Vehicle 29.4+0.5 0.47£0.07 1.17+0.72
1078 M ACh 29.440.6 0.49+0.11 1.32+0.13
1077 M ACh 28.94+0.5 0.4440.12 2.01+0.23%"
107 M ACh 30.9+0.8% 0.25+0.05 2.95+0.31%"
107° M ACh 31.5+0.5%" 0.08 +£0.02*" 3.24+0.39%"
10~* M ACh 29.1+0.8 0.05+0.01%" 2.98+0.42%"

Data are mean=+S.E.M., n = number of animals. #, *p < 0.05 compared with respective control period and vehicle
treatment (one-way repeated ANOVA with multiple comparisons using Student-Newman-Keuls post hoc test).
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Fig. 3 The percentage change of the contraction frequency, amplitude, and tone from the control period after cumulative
addition of acetylcholine (Ach; 108-10"> M) in the presence of either vehicle or condensed tannins (fraction 2, CTs) from
black currant (R. nigrum L.) leaves (10, 50, 100, and 300 pg/ml). Data are mean+ S.E.M., n = number of animals. Legend
symbols and the number of animals correspond across all graphs. * p < 0.05 compared with either vehicle or each CT treatment
(one-way repeated ANOVA with multiple comparisons using Student-Newman-Keuls post hoc test). The raw data of each
parameter during control period are not shown and set as zero.

was able to further suppress ACh-induced decrease ICCs to adjacent duodenal smooth muscle via gap junc-
in amplitude and ACh-induced increase in tone of tions. These ion channels are transmembrane proteins
contraction. The action of CTs is likely to inhibit = whose conformation structures can be affected by CTs.
membrane ion channel activity such as L-type Ca?*  The ability of CTs and their fractionations that may
channel [32] or Na*t channel [33], resulting in a de-  possess protein binding ability and enzymatic activity
crease in slow wave generation and propagation from inhibition were reported at least in gastrointestinal
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Fig. 4 The effects of either condensed tannins (fraction 2, CTs) from black currant (R. nigrum L.) leaves (10, 50, 100,
and 300 pg/ml), atropine (1.55x10~> M), or verapamil (107® M) on the percentage change of the contraction frequency,
amplitude, and tone from the control period. Data are mean = S.E.M., n = number of animals, which are correspondent in all
graphs. *p < 0.05 compared with vehicle (one-way ANOVA with multiple comparisons using Student-Newman-Keuls post
hoc test). The raw data of each parameter during the control period are not shown and set as zero.

nematode experimental study [34,35]. In addition,
a higher proportion of the CT subunit, PD, was able
to affect protein aggregation by decreasing the appar-
ent a-helix content and increasing -sheet content of
bovine serum albumin in vitro [36]. These mechanisms
are likely to responsible for a decrease in frequency,
amplitude, and tone of intestinal contraction observed
in this study, as the black currant F2 fraction used
contains a high percentage of PD (94.7%), high CT
content (99.8 g CT/100 g fraction), high mDP (9.67),
and a high percentage of trans-flavan-3-ols (82.2%) as
previously analyzed and reported [9]. Moreover, CTs
may interfere with the muscarinic receptor signaling
pathway, resulting in a decrease in cytosolic Ca®* level
and a lessened force of contraction. However, other CT
precise mechanisms of action on intestinal motility that
might involve guanylate cyclase or adenylate cyclase-
dependent pathway or other mucosal chemical and
mechanical receptors should be further investigated.
To investigate whether the mechanism of action
of CTs is similar to that of the muscarinic receptor
antagonist, atropine, or calcium channel blocker, vera-
pamil, the results are shown in Fig. 4. The addition of

atropine (1.55x107° M) or any of the four doses of CTs
(10, 50, 100, and 300 pg/ml) alone had no effect on
the duodenal contractions. In contrast, addition of ver-
apamil (107° M) showed a significant reduction in both
amplitude and tone of contraction (by 52.1+15.6%
and 19.6£6.1%, respectively). It is likely that this
calcium channel blocker inhibits the entry of calcium
ions via slow L-type calcium channels, similar to those
occurring in myocardium and vascular smooth mus-
cle [24]. This inhibitory effect finally resulted in the
reduction of duodenal force of contraction. The lack of
effect of verapamil on contraction frequency, but not
on amplitude and tone of duodenal contraction, fur-
ther suggests the involvement of verapamil-sensitive
and less-sensitive calcium channel activities at rest, as
previously reported in guinea pig caecum [37].

The results of further addition of ACh (1078-
10™* M) after pretreatment of CTs, atropine, or ver-
apamil on duodenal contractions are shown in Fig. 5.
The profile effect of cumulative addition of ACh after
CTs (300 pg/ml) on the contraction frequency was
similar to that of atropine and verapamil in terms of
abolition of 10™> M ACh-induced significant increase
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Fig. 5 The percentage change of the contraction frequency, amplitude, and tone from control period after cumulative addition
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in this pacemaker potential. This reversal in the
stimulatory action of ACh by CTs suggested that the
action of CTs might occur via the alteration of duodenal
pacemaker potential. The profile effects of the cumu-
lative addition of Ach, which significantly decreased
both amplitude and tone of duodenal contractions at
the two and three higher doses, are shown in Fig. 5
(vehicle group). Atropine, but not verapamil, was
able to significantly counteract the effect of ACh in
the reduction of amplitude. In terms of amplitude
reduction, the action of CTs was likely similar to that of
verapamil (107® M) and possibly more potent. How-
ever, regarding tonic reduction, the action of CTs was
more similar to that of atropine than to verapamil, as
shown in Fig. 6. It is suggested that CTs may exert a
reverse ACh-like effect on duodenal pacemaker cells by
inhibiting calcium ion entry, ultimately hyperpolariz-
ing the duodenal pacemaker slow-wave potential and
propagation, thereby decreasing contraction frequency

www.scienceasia.org

and amplitude. The inhibitory effect of CTs likely
occurs via muscarinic receptor signaling pathway at
duodenal smooth muscle cell membrane, as both CTs
and atropine demonstrate a similar pattern in inhibit-
ing tonic contraction. The increase in cytosolic calcium
via the internal sarcoplasmic reticulum (SR) store is
probably more pronounced in regulating tonic con-
traction than the opening of calcium channels in the
smooth muscle cell membrane. Thus, the mechanism
of action of CTs resembles that of a calcium channel
blocker (verapamil) in reducing contraction amplitude
and that of a muscarinic receptor antagonist (atropine)
in reducing tonic contraction.

Results of the cell culture study

The potential involvement of the ion channel activity in
response to CTs was further investigated in the human
colonic adenocarcinoma (T84) cell line using Ussing
chamber study. The equivalent short-circuit current
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Fig. 6 Representative tracing of isolated rat duodenal rhythmic contractions showing the effect of CTs (10, 50, 100, and
300 pg/ml), atropine (1.55x107° M), and verapamil (107° M) pretreatment on acetylcholine (ACh; 1078-10"* M)-induced

isolated intestinal contractions.

(I,.) was calculated according to Ohm’s law and shown
in Table 2. Application of each of the four doses of CTs
to either the apical or basolateral side of the intestinal
cell line monolayers did not cause significant changes
in the equivalent short-circuit current compared to
the vehicle control. When forskolin, a substance that
increases the intracellular level of cAMB was added
to the basolateral site of the monolayer, there was a
significant change of I, observed (—5.30%0.66 ver-
sus —0.48 uA/cm?). Thus, the involvement of an
ion channel that might alter the membrane potential
according to the addition of CTs or an increase in the
cAMP-dependent Cl” secretion signaling pathway is un-
likely, at least in the colonic adenocarcinoma cell line.
In addition, some smooth muscle cells can contract
or relax without any change in membrane potential

caused by the opening of membrane ion channels. For
example, a neurotransmitter binding to its receptor
can activate a G protein, leading to IP, generation
and Ca?" release from sarcoplasmic reticulum, which
subsequently causes the contraction. Contraction can
also occur via an increase in Ca?' sensitivity of the
contractile apparatus, [38].

CONCLUSION

CTs isolated from leaves of black currant (R. Nigrum) at
doses of 10-300 pg/ml demonstrate a dose-dependent
inhibition of ACh-induced contractions in isolated rat
duodenum, affecting frequency, amplitude, and tone.
At the pharmacological dose (300 pg/ml), CTs can
reverse the ACh-induced increase in contraction fre-
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Table 2 Preliminary data of equivalent short-circuit current
(I,) calculated by Ohm’s law (I = V/R). Transepithelial
potential difference (V,.) was monitored with reference to the
basolateral side of the epithelium. Transepithelial resistance
(R,) was determined by applying short (200 ms) current
pulses (3 wA, period 6 s).

Treatment I, (MA/cm?) I, (WA/cm?)
Apical Basolateral
Control (distilled water)  0.02+0.08 (2) —0.48 (1)
CTs 10 pg/ml 0.46+1.13 (2) 1.04 (1)
CTs 50 pg/ml 0.20£0.07 (2) —0.10 (1)
CTs 100 pg/ml —0.19+0.25 (2) 0.07 (1)
CTs 300 pg/ml —0.28+0.20 (2) 0.16 (1)

Forskolin 10 pM _ —5.3040.66'(3)

Data are mean=+ S.E.M. * p < 0.05 compared with control
(t-test). Numbers in parentheses indicate the number of
experiments.

quency and tone and enhance ACh-induced decrease
in contraction amplitude. The cellular action of CTs
in suppressing ACh-induced tonic contraction mainly
occurs via downregulation of the muscarinic receptor
signaling pathway, similar to that of atropine. CTs may
act on the pacemaker calcium ion channels, which are
responsible for the reverse action of ACh in controlling
the frequency of contraction and enhancing the effect
on the amplitude of contraction, similar to that of
verapamil.

Acknowledgements: The authors are grateful to Walailak
University for financial support from the Senior Project for
the 5 year pharmacy students, and the Centre of Scientific
and Technological Equipment, Walailak University, for all
laboratory support, including Ms. Salinee Suttirak, for their
technical support. Hildred PYO-Farm (Goring-on-Thames,
Reading, UK) kindly provided black currant leaves.

REFERENCES

1. Khanbabaee K, Van Ree T (2001) Tannins: classification
and definition. Nat Prod Rep 18, 641-649.

2. Cires MJ, Wong X, Carrasco-Pozo C, Gotteland M (2017)
The gastrointestinal tract as a key target organ for the
health-promoting effects of dietary proanthocyanidins.
Front Nutr 3, 1-27.

3. Hernes PJ, Hedges JI (2004) Tannin signatures of barks,
needles, leaves, cones, and wood at the molecular level.
Geochim Cosmochim Acta 68, 1293-1307.

4. GeaA, Stringano E, Brown RH, Mueller-Harvey I (2011)
In situ analysis and structural elucidation of sain-
foin (Onobrychis viciifolia) tannins for high-throughput
germplasm screening. J Agric Food Chem 59, 495-503.

5. Murkovic M (2003) Phenolic compounds. In: Encyclope-
dia of Food Sciences and Nutrition, 2nd edn, Academic
Press, Oxford, pp 4507-4514.

6. Naumann HD, Tedeschi LO, Zeller WE, Huntley NF
(2017) The role of condensed tannins in ruminant
animal production: Advances, limitations and future
directions. Rev Bras Zootec 46, 929-949.

www.scienceasia.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

ScienceAsia 51 (5): 2025: ID 2025090

. Rinaldi A, Jourdes M, Teissedre PL, Moio L (2014) A

preliminary characterization of Aglianico (Vitis vinifera
L. cv.) grape proanthocyanidins and evaluation of their
reactivity towards salivary proteins. Food Chem 164,
142-149.

. Hoste H, Torres-Acosta JE Sandoval-Castro CA, Mueller-

Harvey I, Sotiraki S, Louvandini H, Thamsborg SM, Ter-
rill TH (2015) Tannin containing legumes as a model for
nutraceuticals against digestive parasites in livestock.
Vet Parasitol 212, 5-17.

. Klongsiriwet C, Quijada J, Williams AR, Mueller-Harvey

I, Williamson EM, Hoste H (2015) Synergistic inhibition
of Haemonchus contortus exsheathment by flavonoid
monomers and condensed tannins. Int J Parasitol Drugs
Drug Resist 5, 127-134.

Quijada J, Fryganas C, Ropiak HM, Ramsay A, Mueller-
Harvey I, Hoste H (2015) Anthelmintic activities against
Haemonchus contortus or Trichostrongylus colubriformis
from small ruminants are influenced by structural fea-
tures of condensed tannins. J Agric Food Chem 63,
6346-6354.

Desruesi O, Fryganas C, Ropiak HM, Mueller-Harvey I,
Enemark HL, Thamsborg SM (2016) Impact of chemical
structure of flavanol monomers and condensed tannins
on in vitro anthelmintic activity against bovine nema-
todes. Parasitology 143, 444-454.

Brunet S, Hoste H (2006) Monomers of condensed
tannins affect the larval exsheathment of parasitic nema-
todes of ruminants. J Agric Food Chem 54, 7481-7487.
Brunet S, Montellano CMO, Torres-Acosta JFJ,
Sandoval-Castro CA, Aguilar-Caballero AJ (2008) Effect
of the consumption of Lysiloma latisiliquum on the
larval establishment of gastrointestinal nematodes in
goats. Vet Parasitol 157, 81-88.

Novobilsky A, Mueller-Harvey I, Thamsborg SM (2011)
Condensed tannins act against cattle nematodes. Vet
Parasitol 182, 213-220.

Carrillo-Morales M, Wong-Villarreal A, Aguilar-
Marcelino L, Castafieda-Ramirez GS, Pineda-Alegria
AJ, Hernandez-Nuiez E (2023) Chemical composition
and antifungal and nematicidal activities of the hexanic
and methanolic extracts of Syzygium aromaticum.
ScienceAsia 49, 124-130.

Rozhon EJ, Khandwala AS, Sabouni A, Balwani GB Chan
JW-H, Sesin DF (2008) Method of Treating Secretory
Diarrhea with Enteric Formulations of Proanthocyanidin
Polymer. US Patent 7341744.

Santos RC, Kushima H, Rodrigues CM, Sannomiya M,
Rocha LR, Bauab TM, Tamashiro J, Vilegas W, et al
(2012) Byrsonima intermedia A. Juss.: Gastric and duo-
denal anti-ulcer, antimicrobial and antidiarrheal effects
in experimental rodent models. J Ethnopharmacol 140,
203-212.

Ceregrzyn M, Kuwahara A (2003) The effect of epigal-
locatechin gallate on intestinal motility in mice. Environ
Health Prev Med 8, 47-51.

Kim KY, Choi SJ, Jang HJ, Zuo DC, Shahi PK, Parajuli
SE Yeum CH, Yoon PJ, et al (2008) (-)-Epigallocatechin
gallate inhibits the pacemaker activity of interstitial
cells of Cajal of mouse small intestine. Korean J Physiol
Pharmacol 12, 111-115.

Homma T, Hirai K, Hara Y, Katayama Y (2001) Tea
catechin, (-)-epigallocatechin gallate, causes membrane


http://www.scienceasia.org/
http://dx.doi.org/10.1039/b101061l
http://dx.doi.org/10.1039/b101061l
http://dx.doi.org/10.3389/fnut.2016.00057
http://dx.doi.org/10.3389/fnut.2016.00057
http://dx.doi.org/10.3389/fnut.2016.00057
http://dx.doi.org/10.3389/fnut.2016.00057
http://dx.doi.org/10.1016/j.gca.2003.09.015
http://dx.doi.org/10.1016/j.gca.2003.09.015
http://dx.doi.org/10.1016/j.gca.2003.09.015
http://dx.doi.org/10.1021/jf103609p
http://dx.doi.org/10.1021/jf103609p
http://dx.doi.org/10.1021/jf103609p
http://dx.doi.org/10.1021/jf103609p
http://dx.doi.org/10.1016/B0-12-227055-X/00914-7
http://dx.doi.org/10.1016/B0-12-227055-X/00914-7
http://dx.doi.org/10.1016/B0-12-227055-X/00914-7
http://dx.doi.org/10.1590/s1806-92902017001200009
http://dx.doi.org/10.1590/s1806-92902017001200009
http://dx.doi.org/10.1590/s1806-92902017001200009
http://dx.doi.org/10.1590/s1806-92902017001200009
http://dx.doi.org/10.1016/j.foodchem.2014.05.050
http://dx.doi.org/10.1016/j.foodchem.2014.05.050
http://dx.doi.org/10.1016/j.foodchem.2014.05.050
http://dx.doi.org/10.1016/j.foodchem.2014.05.050
http://dx.doi.org/10.1016/j.foodchem.2014.05.050
http://dx.doi.org/10.1016/j.vetpar.2015.06.026
http://dx.doi.org/10.1016/j.vetpar.2015.06.026
http://dx.doi.org/10.1016/j.vetpar.2015.06.026
http://dx.doi.org/10.1016/j.vetpar.2015.06.026
http://dx.doi.org/10.1016/j.vetpar.2015.06.026
http://dx.doi.org/10.1016/j.ijpddr.2015.06.001
http://dx.doi.org/10.1016/j.ijpddr.2015.06.001
http://dx.doi.org/10.1016/j.ijpddr.2015.06.001
http://dx.doi.org/10.1016/j.ijpddr.2015.06.001
http://dx.doi.org/10.1016/j.ijpddr.2015.06.001
http://dx.doi.org/10.1021/acs.jafc.5b00831
http://dx.doi.org/10.1021/acs.jafc.5b00831
http://dx.doi.org/10.1021/acs.jafc.5b00831
http://dx.doi.org/10.1021/acs.jafc.5b00831
http://dx.doi.org/10.1021/acs.jafc.5b00831
http://dx.doi.org/10.1021/acs.jafc.5b00831
http://dx.doi.org/10.1017/S0031182015001912
http://dx.doi.org/10.1017/S0031182015001912
http://dx.doi.org/10.1017/S0031182015001912
http://dx.doi.org/10.1017/S0031182015001912
http://dx.doi.org/10.1017/S0031182015001912
http://dx.doi.org/10.1021/jf0610007
http://dx.doi.org/10.1021/jf0610007
http://dx.doi.org/10.1021/jf0610007
http://dx.doi.org/10.1016/j.vetpar.2008.07.013
http://dx.doi.org/10.1016/j.vetpar.2008.07.013
http://dx.doi.org/10.1016/j.vetpar.2008.07.013
http://dx.doi.org/10.1016/j.vetpar.2008.07.013
http://dx.doi.org/10.1016/j.vetpar.2008.07.013
http://dx.doi.org/10.1016/j.vetpar.2011.06.003
http://dx.doi.org/10.1016/j.vetpar.2011.06.003
http://dx.doi.org/10.1016/j.vetpar.2011.06.003
http://dx.doi.org/10.2306/scienceasia1513-1874.2022.143
http://dx.doi.org/10.2306/scienceasia1513-1874.2022.143
http://dx.doi.org/10.2306/scienceasia1513-1874.2022.143
http://dx.doi.org/10.2306/scienceasia1513-1874.2022.143
http://dx.doi.org/10.2306/scienceasia1513-1874.2022.143
http://dx.doi.org/10.2306/scienceasia1513-1874.2022.143
https://patents.google.com/patent/US7341744B1/en
https://patents.google.com/patent/US7341744B1/en
https://patents.google.com/patent/US7341744B1/en
https://patents.google.com/patent/US7341744B1/en
http://dx.doi.org/10.1016/j.jep.2011.12.008
http://dx.doi.org/10.1016/j.jep.2011.12.008
http://dx.doi.org/10.1016/j.jep.2011.12.008
http://dx.doi.org/10.1016/j.jep.2011.12.008
http://dx.doi.org/10.1016/j.jep.2011.12.008
http://dx.doi.org/10.1016/j.jep.2011.12.008
http://dx.doi.org/10.1007/BF02897926
http://dx.doi.org/10.1007/BF02897926
http://dx.doi.org/10.1007/BF02897926
http://dx.doi.org/10.4196/kjpp.2008.12.3.111
http://dx.doi.org/10.4196/kjpp.2008.12.3.111
http://dx.doi.org/10.4196/kjpp.2008.12.3.111
http://dx.doi.org/10.4196/kjpp.2008.12.3.111
http://dx.doi.org/10.4196/kjpp.2008.12.3.111
http://dx.doi.org/10.1016/S0304-3940(01)02035-3
http://dx.doi.org/10.1016/S0304-3940(01)02035-3
http://dx.doi.org/10.1016/S0304-3940(01)02035-3

ScienceAsia 51 (5): 2025: ID 2025090

21.

22.

23.

24.

25.

26.

27.

28.

29.

depolarizations of myenteric neurons in the guinea-pig
small intestine. Neurosci Lett 309, 93-96.

Katayama Y, Homma T, Hara Y, Hirai K (2002) Tea cate-
chin, (-)-epigallocatechin gallate, facilitates cholinergic
ganglion transmission in the myenteric plexus of the
guinea-pig small intestine. Neurosci Lett 319, 63-66.

Di Carlo G, Autore G, Izzo AA, Maiolino B Mascolo N,
Viola B Diurno MV, Capasso F (1993) Inhibition of in-
testinal motility and secretion by flavonoids in mice and
rats: Structure-activity relationships. J Pharm Pharmacol
45, 1054-1059.

Klongsiriwet C, Wungpanya J, Salaemae H, Thavonsuk
S, Hiranyachattada S (2022) Physiological effects of
condensed tannins from black currant (Ribes nigrum
L.) on isolated rat duodenal contraction. Trends Sci 19,
6233-6244.

Basel RB, Stuttgart-Hohenheim HGC, Hugstetten HD,
Freiburg HJD (1978) Experiments on isolated smooth
muscle preparations. In: HSE Biological Measuring Tech-
niques I11/78, Hugo Sachs Elektronik KG, Germany, pp
53-119.

Thomsen L, Robinson TL, Lee JC, Farraway LA, Hughes
MJ, Andrews DW, Huizinga JD (1998) Interstitial cells of
Cajal generate a rhythmic pacemaker current. Nat Med
4, 848-851.

Ward SM, Sanders KM (2006) Involvement of intramus-
cular interstitial cells of Cajal in neuroeffector transmis-
sion in the gastrointestinal tract. J Physiol 576, 675-682.
Ward SM, McLaren GJ, Sanders KM (2006) Interstitial
cells of Cajal in the deep muscular plexus mediate
enteric motor neurotransmission in the mouse small
intestine. J Physiol 573, 147-159.

Thorneloe KS, Nelson MT (2005) Ion channels in
smooth muscle: Regulators of intracellular calcium and
contractility. Can J Physiol Pharmacol 83, 215-242.
Sanders KM, Koh SD, Ro S, Ward SM (2012) Regulation
of gastrointestinal motility-insights from smooth muscle

30.

31.

32.

33.

34.

35.

36.

37.

38.

11

biology. Nat Rev Gastroenterol Hepatol 9, 633-645.
Tanahashi Y, Waki N, Unno T, Matsuyama H, Iino S,
Kitazawa T, Yamada M, Komori S (2013) Roles of M2 and
M3 muscarinic receptors in the generation of rhythmic
motor activity in mouse small intestine. Neurogastroen-
terol Motil 25, 687-697.

Qin K, Dong C, Wu G, Lambert NA (2011) Inactive-
state preassembly of Gy-coupled receptors and G, het-
erotrimers. Nat Chem Biol 7, 740-747.

Sanders KM (2008) Regulation of smooth muscle ex-
citation and contraction. Neurogastroenterol Motil 20,
39-53.

Kim BJ, Chang IY, Choi S, Jun JY, Jeon JH, Xu WX
(2012) Involvement of Na(+)-leak channel in substance
P-induced depolarization of pacemaking activity in inter-
stitial cells of Cajal. Cell Physiol Biochem 29, 501-510.
Hoste H, Jackson E Athanasiadou S, Thamsborg SM,
Hoskin SO (2006) The effects of tannin-rich plants on
parasitic nematodes in ruminants. Trends Parasitol 22,
253-261.

Novobilsky A, Stringano E, Hayot Carbonero C, Smith
LM, Enemark HL, Mueller-Harvey I, Thamsborg SM
(2013) In vitro effects of extracts and purified tannins
of sainfoin (Onobrychis viciifolia) against two cattle ne-
matodes. Vet Parasitol 196, 532-537.

Ropiak HM, Lachmann B Ramsay A, Green RJ, Mueller-
Harvey I (2017) Identification of structural features of

condensed tannins that affect protein aggregation. PLoS
One 12, e0170768.

Karaki H, Mitsui M (1988) Verapamil-sensitive and less
sensitive contractions in the intestinal smooth muscle
of the guinea-pig taenia caeci. Jpn J Pharmacol 46,
325-330.

Moczydlowski EG, Apkon M (2012) Cellular physiol-
ogy of skeletal, cardiac, and smooth muscle. In: Med-
ical Physiology, 2nd edn, Saunders, Philadelphia, pp
237-263.

www.scienceasia.org


http://www.scienceasia.org/
http://dx.doi.org/10.1016/S0304-3940(01)02545-9
http://dx.doi.org/10.1016/S0304-3940(01)02545-9
http://dx.doi.org/10.1016/S0304-3940(01)02545-9
http://dx.doi.org/10.1016/S0304-3940(01)02545-9
http://dx.doi.org/10.1111/j.2042-7158.1993.tb07180.x
http://dx.doi.org/10.1111/j.2042-7158.1993.tb07180.x
http://dx.doi.org/10.1111/j.2042-7158.1993.tb07180.x
http://dx.doi.org/10.1111/j.2042-7158.1993.tb07180.x
http://dx.doi.org/10.1111/j.2042-7158.1993.tb07180.x
http://dx.doi.org/10.48048/tis.2022.6233
http://dx.doi.org/10.48048/tis.2022.6233
http://dx.doi.org/10.48048/tis.2022.6233
http://dx.doi.org/10.48048/tis.2022.6233
http://dx.doi.org/10.48048/tis.2022.6233
http://dx.doi.org/10.1038/nm0798-848
http://dx.doi.org/10.1038/nm0798-848
http://dx.doi.org/10.1038/nm0798-848
http://dx.doi.org/10.1038/nm0798-848
http://dx.doi.org/10.1113/jphysiol.2006.117390
http://dx.doi.org/10.1113/jphysiol.2006.117390
http://dx.doi.org/10.1113/jphysiol.2006.117390
http://dx.doi.org/10.1113/jphysiol.2006.105189
http://dx.doi.org/10.1113/jphysiol.2006.105189
http://dx.doi.org/10.1113/jphysiol.2006.105189
http://dx.doi.org/10.1113/jphysiol.2006.105189
http://dx.doi.org/10.1139/y05-016
http://dx.doi.org/10.1139/y05-016
http://dx.doi.org/10.1139/y05-016
http://dx.doi.org/10.1038/nrgastro.2012.168
http://dx.doi.org/10.1038/nrgastro.2012.168
http://dx.doi.org/10.1038/nrgastro.2012.168
http://dx.doi.org/10.1111/nmo.12194
http://dx.doi.org/10.1111/nmo.12194
http://dx.doi.org/10.1111/nmo.12194
http://dx.doi.org/10.1111/nmo.12194
http://dx.doi.org/10.1111/nmo.12194
http://dx.doi.org/10.1038/nchembio.642
http://dx.doi.org/10.1038/nchembio.642
http://dx.doi.org/10.1038/nchembio.642
http://dx.doi.org/10.1111/j.1365-2982.2008.01108.x
http://dx.doi.org/10.1111/j.1365-2982.2008.01108.x
http://dx.doi.org/10.1111/j.1365-2982.2008.01108.x
http://dx.doi.org/10.1159/000338504
http://dx.doi.org/10.1159/000338504
http://dx.doi.org/10.1159/000338504
http://dx.doi.org/10.1159/000338504
http://dx.doi.org/10.1016/j.pt.2006.04.004
http://dx.doi.org/10.1016/j.pt.2006.04.004
http://dx.doi.org/10.1016/j.pt.2006.04.004
http://dx.doi.org/10.1016/j.pt.2006.04.004
http://dx.doi.org/10.1016/j.vetpar.2013.03.024
http://dx.doi.org/10.1016/j.vetpar.2013.03.024
http://dx.doi.org/10.1016/j.vetpar.2013.03.024
http://dx.doi.org/10.1016/j.vetpar.2013.03.024
http://dx.doi.org/10.1016/j.vetpar.2013.03.024
http://dx.doi.org/10.1371/journal.pone.0170768
http://dx.doi.org/10.1371/journal.pone.0170768
http://dx.doi.org/10.1371/journal.pone.0170768
http://dx.doi.org/10.1371/journal.pone.0170768
http://dx.doi.org/10.1016/S0021-5198(19)43285-X
http://dx.doi.org/10.1016/S0021-5198(19)43285-X
http://dx.doi.org/10.1016/S0021-5198(19)43285-X
http://dx.doi.org/10.1016/S0021-5198(19)43285-X
http://dx.doi.org/10.1016/B978-1-4160-3115-4.50012-3
http://dx.doi.org/10.1016/B978-1-4160-3115-4.50012-3
http://dx.doi.org/10.1016/B978-1-4160-3115-4.50012-3
http://dx.doi.org/10.1016/B978-1-4160-3115-4.50012-3
www.scienceasia.org

