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AIM: To characterize the consequences of short-term
exposure to luminal bile on mucosal mast cell reactions
in @ canine model, and to determine the effects of
systemic phosphatidylcholine pretreatment in this
condition.

METHODS: Twenty mongrel dogs were used for
experiments. Group 1 (n=5) served as a saline-
treated control, while in group 2 (7=5) the esophagus
was exposed to bile for 3 h. In group 3 (n=5) the
animals were pretreated with 7-nitroindazole to
inhibit the neuronal isoform of nitric oxide synthase.
In group 4 (n=5) phosphatidylcholine solution
(50 mg/kg) was administered iv before the biliary
challenge. Mucosal microcirculation was observed by
intravital videomicroscopy. Myeloperoxidase and nitric
oxide synthase activities, the degrees of mast cell
degranulation and mucosal damage were evaluated via
tissue biopsies.

RESULTS: Exposure to bile evoked significant mast
cell degranulation and leukocyte accumulation. The red
blood cell velocity and the diameter of the postcapillary
venules increased significantly. The tissue ATP content
and constitutive nitric oxide synthase activity decreased,
while the inducible nitric oxide synthase activity
increased significantly as compared to the control values.
7-nitroindazole treatment significantly exacerbated the
mucosal mast cell degranulation and tissue damage. In
contrast, phosphatidylcholine pretreatment prevented
the bile-induced ATP depletion, the inducible nitric oxide
synthase and myeloperoxidase activity and the mast cell
degranulation increased.

CONCLUSION: The neuronal nitric oxide synthase -
mast cell axis plays an important role in the esophageal
mucosal defense system. Systemic phosphatidylcholine
pretreatment affords effective protection through
ameliorating the bile-induced ATP depletion and

secondary inflammatory reaction.
© 2006 The WIG Press. All rights reserved.
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INTRODUCTION

During acute regurgitation or prolonged gastroesophageal
reflux episodes, the esophageal epithelial layer is exposed

to vatious noxious luminal agents. Gastric acid has been
shown to play a crucial role in the development of
esophagitis, but regurgitated bile could also be linked to
various detrimental mucosal reactions, including ATP
depletion and permeability alterations 12 Bile salts can
damage the epithelium both directly and indirectly, and
may alter the function of cells. Given that mast cells (MCs)
are involved in stress-induced gastrointestinal reactions, it
seems reasonable to assume that the effects of bile involve
MCs. Indeed, it has been shown zz vitro that bile acids
induce concentration-dependent MC degranulation in
correlation with their lipophilicity and surface activity Bl

A number of MC-specific reactions in the gastrointes-
tinal tract may be linked to the activity of constitutively
expressed nitric oxide synthase (NOS). A relative lack
of NO can activate both MCs and leukocytes, and MC
degranulation per se can bring about leukocyte accumul-
ation and other characteristics of local inflammation *”
. NOS system consists of three distinct isoforms:
neuronal NOS (aNOS), inducible NOS (iNOS), and
endothelial NOS (eNOS). Both eNOS and nNOS are
constitutively expressed, but nNOS is predominant in
the gastrointestinal tract .7 Although the above line
of reasoning suggests that MCs and nNOS-derived NO
could be closely associated with mucosal homeostasis,
the relative contributions of the different NOS isoforms
to the reflux-caused inflammatory responses of the
esophagus are unclear. In the first part of our study,
therefore, we examined the consequences of an acute
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biliary challenge on NOS activation and mucosal MC
reactions by performing detailed microcirculatory,
histological and biochemical analyses. As we hypothesized
that bile-induced inflammatory response critically involves
NO, we determined the consequences of nNOS inhibition
in this setting.

In addition to this pathomechanism investigation,
another aim was to outline a means of modulating
the outcome of biliary mucosal irritation. It is clearly
recognized that a mixed or biliary reflux is more harmful
than gastric acid alone, but to date there are no effective
pharmacological therapies for bile-induced esophagitis.
Nevertheless, various lines of indirect evidence have
suggested that phosphatidylcholine (PC) may be protective
during this condition. It was postulated in eatly i vitro
studies that PC in aqueous media may protect against
the membrane damage caused by bile salts ™", In stress
conditions the hydrolysis of endogenous membrane PC
leads to release of phosphatidic acid and choline. Choline
is anti-inflammatory and is actively transported into the
epithelial cells ", Moreover, choline could form part of
a defense mechanism which may operate in biological
systems against oxido-reductive stress .

Accordingly, in the second part of our study we set out
to establish whether systemic PC administration can pro-
tect the esophageal mucosa by acting as an anti-inflamma-
tory agent in bile-induced esophagitis.

MATERIALS AND METHODS

The experiments were performed in adherence to the NIH
guidelines for the use of experimental animals. The study
was approved by the Ethical Committee for the Protection
of Animals in Scientific Research at the University of
Szeged.

Surgical preparation
The experiments wete performed on 20 inbred mongrel
dogs (average weight 12 £ 3 kg) under sodium pentobarbital
anesthesia (30 mg/kg iv). Small supplementary doses of
pentobarbital were administered when necessary. The left
femoral artery and vein were cannulated for recording the
mean arterial pressure and blood sampling, respectively.
The animals were placed in a supine position on a heating
pad for maintenance of the body temperature between
36°C and 37°C, and received an infusion of Ringer’s lactate
at a rate of 10 mL/ (kg h) during the experiments.
Following a collar incision, the cervical esophagus with
intact neurovascular connections was dissected free, and
an approximately 8-10-cm segment of the middle portion
was then occluded at both ends with atraumatic clips.
The objective of the videomicroscope (Cytoscan A/R,
Cytometrics, PA., USA) was placed into the esophagus
lumen for continuous observation of the microcirculation.
A second polyvinyl tube (0.5 mm i. d.) was secured
with purse-string sutures for administration of the test
compounds.

Experimental protocol

Surgery was followed by a 30-min recovery period for
cardiovascular stabilization, and 7.0 mL isotonic saline
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(pH 7.4) was then injected into the lumen of the dissected
esophagus for 30 min in order to determine the baseline
variables. The esophageal segment was next filled with
test solution (7.0 mL) for 180 min. At the end of the
experiment, a biopsy was taken from the esophageal
segment, together with a tissue sample from the aboral
intact part of the esophagus, with a freeze-clamp technique
for determination of the tissue adenosine triphosphate
(ATP) concentrations, and additional biopsies were
performed to measure the tissue myeloperoxidase (MPO)
and NOS isoform activities, and to determine the extent
of MC degranulation and structural damage.

The animals were randomly allotted into 4 groups.
Group 1 (#=5) served as saline-treated control, while in
groups 2-4 the effects of bile were investigated. In group 2
(n=5) the animals were treated with canine bile alone. Bile
obtained from 3 healthy dogs was pooled and stored at
-20°C, and diluted freshly (pH 6.5) before the experiments.
Bile was diluted with same volume of saline and solution
was warmed up to 37°C before administration. Group 3
(n=5) was treated with 5 mg/kg 7-nitroindazole (7-NI,
Sigma Chem., USA) in 0.3mL/min iv infusion 20 min
before bile administration. In group 4 (#=15) the animals
received 50 mg/kg iv PC infusion 20 min before bile
treatment. Five percent PC solution (soybean lecithin,
MW: 785, phospholipon 90, Phospholipid GmbH,
Cologne, Germany) was freshly prepared according to
the description of the manufacturer. Briefly, PC solution
contained deoxycholate (2.3%), NaOH (0.24%), benzyl
alcohol (0.82%), NaCl (0.22%), and ethanol (0.27%) in
distilled water. The intraluminal volume load was identical
in all groups studied.

Measurements

Central venous pressure and mean arterial pressure were
measured continuously with Statham P23Db transducers
and registered with a computetized data-acquisition system
(Haemosys 1.17, Experimetria Ltd., Budapest, Hungary).
Arterial blood gases were measured with a blood gas
analyzer (AVL Compact 2, Graz, Austria).

Intravital video-microscopy

The intravital OPS technique (Cytoscan A/R, Cytometrics,
PA, USA) was used for continuous visualization of the
microcirculation of the esophageal mucosa. This technique
utilizes reflected polarized light at the wavelength of the
isosbestic point of oxy- and deoxyhemoglobin (548 nm).
Since polarization is preserved in reflection, only photons
scattered from a depth of 2-300 pm contribute to the
image formation. A 10x objective was introduced into
the intestinal lumen, and the microscopic images were
recorded with a S-VHS video recorder (Panasonic AG-
TL 700). Videomicroscopic observations were made at
specific anatomic locations at a depth of approximately
200 pm. Microcirculatory evaluation was performed
off-line by frame-to-frame analysis of the videotaped
images. Capillary red blood cell velocity (RBCV, um/s),
vessel diameter (VD, um) changes in postcapillary
venules and relative vessel area (RVA, length of perfused
nutritive capillaries per total capillary length of a standard
observation area) were determined in 3 separate fields by
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means of a computer-assisted image analysis system (IVM
Pictron, Budapest, Hungary). Changes in venular wall
diameter were determined by following identifiable visual
landmarks within the vessel wall. All microcirculatory
evaluations were performed by one investigator (EG).

ATP measurement

A whole-thickness sample was taken from the esophagus
with a Wollenberg forceps cooled in liquid nitrogen, and
the tissue was stored at -70°C. The sample was weighed,
placed into a 3-fold volume of trichloroacetic acid (6% w/
v), homogenized for 1 min, and centrifuged at 5000 g/min.
The supernatant was neutralized with saturated potassium
carbonate solution. The ATP concentration was measured
spectrophotometrically according to Lamprecht ef a/ 12,
The method is based on the principle that 3-nicotinamide
adenine dinucleotide phosphate is used up in an enzymatic
reaction catalyzed by glucose-6-phosphate dehydrogenase
and hexokinase.

NOS activity measurements

NO formation in esophageal tissue was measured by
the conversion of ['H] L-citrulline from [’H] L-arginine
according to the method of Szabo et a/'”. Briefly, tissue
homogenates wete centrifuged at 24 000 g/min for 20 min
at 4°C and the supernatant was loaded into centrifugal
concentrator tubes (Amicon Centricon-100; 100 000 MW
cut-off ultrafilter). The tubes were centrifuged at 1000
g/min for 150 min and the concentrated supernatant was
washed out from the ultrafilter with 300 pL. homogenizing
buffer. The samples were incubated with a cation-
exchange resin (Dowex AG 50W-X8, Na" form) for 5
min to deplete endogenous L-arginine. The resin was
separated by centrifugation at 1500 g/min for 10 min
and the supernatant containing the enzyme was assayed
for NOS activity. For the Ca’-dependent NOS (cNOS)
activity, 50 pL enzyme extract and 100 pL reaction mixture
(pH 7.4, containing 50mmol/L Ttis-HCI buffer, Immol/L
NADPH, 10 pmol/Ltetrahydrobiopterin, 1.5 mmol/L
CaClz, 100 U/mL calmodulin and 0.5 uCi [’H] L-arginine
(ICN Biomedicals, specific activity 39 Ci/mmol) were
incubated together for 30 min at 37°C. The reaction was
stopped by the addition of 1 mL ice-cold HEPES buffer
(pH 5.5) containing 2mmol/L EGTA and 2mmol/L
EDTA. Measurements were performed with boiled enzyme
and the NOS inhibitor N-w-nitro-L-arginine (3.2mmol/L)
to determine the extent of ['H] L-citrulline formation that
was independent of the NOS activity. Ca* -independent
NOS activity iINOS) was measured without Ca-calmodulin
but with EGTA (8 mmol/L). Reaction mixture (1 mL) was
applied to Dowex cation-exchange resin (AG 50W-X8,
Na" form) and eluted with 2 mL distilled water. The eluted
[’H] L-citrulline activity was measured with a scintillation
counter (Tri-Carb Liquid Scintillation Analyze 2100TR/
2300TR, Packard Instrument Co, Meriden, Ct., USA) and
referred to the protein content.

Tissue MPO activity

The activity of MPO, a marker of tissue leukocyte
infiltration, was measured from mucosal biopsies by
the method of Kuebler ¢z a/ 'Y, Briefly, the tissue was

homogenized with Tris-HCI buffer (0.1 mmol/L, pH 7.4)
containing 0.1 mM polymethylsulfonyl fluoride to block
tissue proteases, and then centrifuged at 2000 g/min at
for 20 min at 4°C. The MPO activities of the samples
were measured at 450 nm (UV-1601 spectrophotometer,
Shimadzu, Japan), and the data were referred to the protein
content.

Light microscopy

Esophageal biopsy samples were rapidly placed into ice-
cold Carnoy’s fixative, embedded in paraffin, sectioned
(6 um) and stained with hematoxylin-cosin. Histological
analysis was performed in coded sections by one
investigator (MB). Mucosal injury was graded on the 0-100
esophageal mucosal damage score of Lanas ef a/ B With
the following criteria: epithelial changes (epithelial splitting,
erosion and ulceration): maximal score 40; inflammation
(intraepithelial leukocytes and cellular hyperplasia):
maximal score 40; vascular lesions (edema, congestion and
hemorrhage): maximal score 20.

Counting of polymorphonuclear leukocytes (PMN)
was performed on coded sections by two independent
investigators (TL, EG). Five nonovertlapping fields were
observed in each section, and in each field an average of
4 consecutive measurements was used to calculate average
PMN count with a semiquantitative scoring system. PMN
counts wete determined in the epithelium, submucosa,
muscle layer and adventitia with the following criteria:
grade 0, no PMNs in the given structure; grade 1, 1-10
PMNS; grade 2, 11-100 PMNs; grade 3: > 100 PMNs.

Histology for mast cells

The sections were stained with acidic toluidine blue (pH 0.5)
and alcian blue-safranine O (Sigma Chem. USA, pH 0.4).
Positively stained MCs were quantitated in 10 fields. The
counting was performed in coded sections at an optical
magnification of x 400 by two independent investigators
(EG and TL). Loss of intracellular granules and stained
material dispersed diffusely within the lamina propria
were taken as evidence of MC degranulation. For each
animal, 5 fields were chosen at random, and the number
of degranulated and intact MCs was counted. All counts
were pooled for each treatment, and the percentage of
degranulated MCs was calculated.

Statistical analysis

Data analysis was performed with a statistical software
package (SigmaStat for Windows, Jandel Scientific, Erkrath,
Germany). Nonparametric methods were used. Friedman
repeated measure analysis of variance on ranks was applied
within the groups. Time-dependent differences from the
baseline were assessed by Dunn’s method. Differences
between groups were analyzed with Kruskal-Wallis one-
way analysis of variance on ranks, followed by Dunn’s
method for pairwise multiple comparison. In the Table
and Figures, median values and 75" and 25" percentiles are
given. P<0.05 was considered statistically significant.

RESULTS

The baseline values of the macrohemodynamic variables
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Group Time -30 min 0 30 min 60 min 90 min 120 min 180 min
RBCV(M) 600 608 572 615 569 575 630
25p; 75p 554; 661 548; 663  536; 662 526; 709 539; 673 524; 705 540; 705
VD (M) 31.0 33.0 33.0 32.0 33.0 33.0 34.0
Saline 25p; 75p 27.3;34.3 275345  27.3;34.0 28.3;34.8 28.3; 34.0 27.5;34.0 31; 34
MAP (M) 163 161 158 157 150 156 152
25p; 75p 134.5;172 132; 175 130; 168 132,167 129,169 128; 168 129; 169
HR (M) 172.5 171 169 167 177 180 181
25p; 75p 126; 200 145,183  151; 206 141.5; 198 142,195 141; 194 146; 188
RBCV(M) 621 662 717 783 a 770 ac 777 ac 813 ac
25p; 75p 573; 660 574;693  610; 791 734; 821 686; 828 712; 836 728; 869
VD (M) 33.0 33.5 41 ac 45.5 ac 43.0 ac 42.5ac 43.5 ac
Bile 25p; 75p 33.0; 34.0 33;35.0 39;43.0 41.0; 48.0 41.0; 45.0 42.0;44.0 42.0; 47
MAP (M) 155 157 153 137 145 145 147
25p; 75p 129; 185 131; 181 128; 184 127,185 126; 176 121; 181 127;185
HR (M) 167 171 161 161 181 177 192
25p; 75p 160; 174 157;191  149;171 158;170.5 141.5; 197 154; 197 153; 194
RBCV(M) 635 651 789 ¢ 809 ac 821 ac 784 ac 818 ac
25p; 75p 623; 651 640; 703 698; 872 694; 888 715; 881 727; 806 724; 870
PC VD (M) 36.0 35.0 37.0 ce 37.5ce 39.0 ce 38.0 ce 38.0 ce
+ 25p; 75p 33.0; 38.5 32;39.0 33.5; 40 35.5;41.5 34.0;41.0 33.0;42.5 34.5; 42
bile MAP (M) 153 147.5 161.5 152.5 150 162.5 160
25p; 75p 132.5;164 130; 154 133; 170 131; 167.5 129; 168.5 132; 174 133; 173
HR (M) 164 162 164 162.5 171 180 188
25p; 75p 154; 193 145,167  143;180 148,188 142; 199 158; 186 183; 198
RBCV(M) 625 632 791 ¢ 762 a 821 ac 793 ¢ 872 ac
25p; 75p 556; 696 614; 671 649; 870 661; 893 761; 870 718; 845 857; 893
7-NI VD (M) 31.0 32.0 34.0e 34.0e 325e 34.0e 335e
+ 25p; 75p 30.0; 31.0 29; 33.0 33; 36 34.0;34.0 31.0; 36.0 32.0;34.0 32;34.0
bile MAP (M) 1325 138 145 137.5 141.5 135.5 139.5
25p; 75p 128; 144 133;150  132;150 130; 151 134; 149 130; 143 135; 145
HR (M) 170 163 171 165 181 185 186
25p; 75p 162; 180 159, 169 158; 182 152; 178 173; 191 176.5; 196 182; 189

M=median value, 25p and 75p=25" and 75" percentiles, respectively. 2P<0.05 vs -30-min values, °P<0.05 vs saline-treated group,

¢P<0.05 vs bile-treated group.

did not differ significantly in the different groups and there
were no significant hemodynamic changes as compared to
the control values during the experimental period (Table 1).
The mean arterial pressure in the bile+7-NI or PC-treated
groups was not significantly different (P>0.05) from that
in the saline-treated group as a whole (Table 1).

Venules of 35210 pum in diameter were the largest
fraction of the vessels and arterioles were seen only very
rarely. The baseline level of RBCV in the various groups
ranged 560 - 680 pm/s, and in the control group the
RBCV did not change during the experiments (Table 1).
However, the RBCV was increased significantly after 3-h
exposure to bile with or without 7-NI or PC pretreatment.
The median value was 813, 886 and 787 pum/s after bile,
bile with 7-NI, and bile with PC pretreatment, respectively.

The inner boundary of the venular wall was easily
distinguishable and an exact comparison of inner diameter
changes was possible. The median vessel diameter was
significantly greater in bile-treated group 2 as compared to
the saline-treated control, and increased from the baseline
value of 33 pm to 44 um. Administration of 7-NI before
bile treatment prevented this increase. PC pretreatment
resulted in a significant vessel diameter elevation as

www.wjgnet.com

compared to the control group, but the diameter changes
in this group were significantly lower than those in the
bile-treated group (Table 1).

The in vivo interference of bile treatment with ATP
production of the esophageal mucosa was evaluated
(Figure 1). There were no significant differences in tissue
ATP levels between the intact and treated parts of the
esophagus in the saline-treated control group (data not
shown). There was a statistically significant fall (45%)
in the ATP content of the esophageal tissue after bile
treatment (saline: M=4.43 pmol/mg protein, 25p =4.21,
75p=4.76; bile: M=2.42 umol/mg protein, 25p =1.66,
75p=2.61) by the end of the observation period, and this
change was not affected by 7-NI treatment. Following PC
treatment, the ATP content was significantly maintained in
the mucosa as compared to bile treatment alone (M =3.82,
25p=13.56, 75p =4.28), and this value was not significantly
different from the corresponding value in the saline-
treated group.

Figure 2 demonstrates the changes in esophageal
cNOS and iNOS activities. The activity of cNOS was
significantly depressed after bile treatment, and this change
was accompanied with a significant increase (6-fold) in
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Saline Bile PC+Bile 7-NI+Bile

Figure 1 Effects of bile (black box), PC+bile (gray box) and 7-Nl+bile (checked
box) on the ATP content of esophageal mucosa. The plots demonstrate the median
(horizontal line in the box), the 25™ (lower whisker) and 75™ (upper whisker)
percentiles, respectively. 2P<0.05 between groups vs saline-treated control group.
°P<0.05 between bile+7-NI-treated and bile+PC-treated groups vs bile-treated
group values.
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Figure 3 Myeloperoxidase (MPO) activity in the esophageal mucosa 180 min
after treatment. The plots demonstrate the median (horizontal line in the box), the
25™ (lower whisker) and 75" (upper whisker) percentiles, respectively. 2P<0.05
between groups vs saline-treated control group values. °P<0.05 between bile+7-
Nl-treated and bile+PC-treated groups vs bile-treated group values.

iNOS activity. The cNOS activity was not altered by PC
or 7-NI pretreatment. However, the esophageal iNOS
activity was significantly lower after PC pretreatment as
compared to bile treatment alone. 7-NI treatment resulted
in a somewhat lower increase (2.6-fold) in iNOS activity, as
compared to the value in the bile-treated group.

The MPO data demonstrated that leukocyte
accumulation was significantly increased in mucosae of
the bile-treated and 7-NI pretreated groups as compated
to the saline-treated group (Figure 3). Bile alone resulted
in a 2.5-fold M =209.4; 25p =136.6; 75p =259.0) tise in
MPO activity, and a further increase was observed after
7-NI+bile administration (M =315.4, 25p =182.4, 75p
=441.8). PC pretreatment significantly decteased bile-
induced MPO activity.

Histological scoring of leukocyte infiltration was
performed by two independent viewers (the inter-observer

fmol/mg protein/min fmol/mg protein/min

a

150 - 150
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2150

I T
Saline Bile PC+Bile 7-NI+Bile Saline Bile PC+Bile 7-NI+Bile
cNOS iNOS

Figure 2 Changes in constitutive (left panel) and inducible NOS (right panel)
activities [fmol (mg protein)-1/min] in esophageal tissue from saline-treated (empty
box), bile-treated (black box), bile+PC-treated (gray box) and bile+7-NI-treated
(checked box) animals. The plots demonstrate the median (horizontal line in the
box), the 25" (lower whisker) and 75" (upper whisker) percentiles, respectively.
2P< (.05 between groups vs saline-treated control group values. °P<0.05 between
bile+7-NI-treated and bile+PC-treated groups vs bile-treated group values.

%
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Figure 4 Mast cell degranulation (%) in the esophageal mucosa 180 min after
treatment. The plots demonstrate the median (horizontal line in the box) and the
25" (lower whisker) and 75" (upper whisker) percentiles. 2P<0.05 between groups
vs saline-treated control group values. °P<0.05 between bile+7-NI-treated and
bile+PC-treated groups vs bile-treated group values.

vatiation was less than 15%, and these data showed good
correlation with MPO results). In saline-treated group the
extravasation of PMNs was negligible (range of scores:
1-3; M =2). Exposure to bile resulted in a significant
(P<0.05) accumulation of PMNs (range: 4-6; M =5). In PC
pretreated animals the PMN infiltration was significantly
decreased and the scores did not differ significantly
from the control values (range: 1-3; M =3). Bile + 7-NI
treatment increased the degree of PMN infiltration and
resulted in a grade 7 score (range: 7-9).

The effects of bile and various pretreatments on the
mucosal MC degranulation are presented in Figure 4. In
the control group, 35% of the MCs were degranulated.
Exposure to bile resulted in a significant degranulation
M=79.6%, 25p="75.0, 75p =84.6) relative to the control
group. In the PC-pretreated group, the percentage of
degranulated MCs (M = 54.3%, 25p =42.2%, 75p = 66.7%)
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Figure 5 Photomicrographs of esophageal wall from groups 1-4 (H&E staining). A: control group (saline treatment, original magnification x 224), B: bile treatment
(epithelial damage and subepithelial edema, original magnification x 112), C: bile-treated group (significant leukocyte infiltration in the muscle layers and adventitia, original
magnification x 112), D: bile +7-NI treatment (extreme leukocyte infiltration in the adventitia, original magnification x 224), and E: bile + PC treatment (no significant change
in the esophageal wall, original magnification x 56x; the arrow in the right upper corner shows the muscle layer of the same field (original magpnification x 400); the interstitial
capillaries are filled with PMNs, but only few extravasated PMNs are present).

was significantly lower than that after bile treatment alone.
The nNOS inhibition evoked a marked stimulation of MC
degranulation over that due to bile treatment alone. In the
7-Nl1+bile-treated group, the degranulation of mucosal
MCs was neatly complete (M = 87.5%, 25p = 65.6%, 75p =
95.6%).

Biopsy samples from the saline-treated control group
exhibited an average grade of injury of 5 (range of scores:
0-20) on the Lanas scale. In these sections, the luminal
surface was always lined by a continuous layer of epithelial
cells, while the vessels usually presented with empty
lumina (Figure 5A). The 180-min bile exposure induced
significant mucosal damage (P<0.01), with a median value
of 58 (range: 50-70). Deep lesions were observed with
disruption and desquamation of the epithelial layer (Figures
5B and 5C). Extensive intraepithelial and subepithelial
leukocytosis and connective tissue damage were the
general characteristics. Submucosal edema, hemorrhage
and vasodilatation were apparent. Semiquantitative
evaluation of the samples from the 7-NI+bile-treated
animals revealed a significant exacerbation of the mucosal
injury (P<0.01) and an injury score of 68 (range 60-90).
A tendency toward more intense injury was always
manifested. Severe epithelial damage and exfoliation
of the surface epithelium were present, and the deeper
tissue layers were more strongly involved in a generalized
inflammatory reaction. In most cases, transmural
inflammatory infiltrations, vasodilation and subepithelial
connective tissue edema were observed (Figure 5D).

Administration of PC did not significantly influence the
superficial tissue damage, but the reactive mucosal changes
were different from those observed in the bile-treated
group. In general, the degree of epithelial damage and the
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nature of reactive epithelial changes were similar to those
observed in the bile-treated group 2, but there was no
evidence of severe subepithelial inflammation. Submucosal
damage was often patchy, mild and severe lesions
were commonly observed within the same section and
hemorrhage was rarely observed. The general image of
tissue damage was somewhat improved, but this group had
a median grade of injury of 50 (range: 40-75), a value not
significantly different (P>0.01) from the corresponding
value for the bile-treated group.

DISCUSSION

Regurgitation of the duodenogastric content may lead
to esophageal dysfunction and tissue damage in the long
run, but acute biliary reflux likewise correlates with the
presence of severe esophagitis and esophageal ulceration
in critically ill and mechanically ventilated patientsm.
Appropriate treatment or prevention of this condition
cleatly presupposes an understanding of the pathogenesis
of regurgitation-induced lesions and the nature of
inflammatory complications.

The results of our in vivo study indicate that bile may
target several potentially interconnected pathways, leading
to mucosal barrier impairment. Intraluminal bile reduced
ATP content of the exposed tissues, decreased cNOS
activity, increased iNOS activity, evoked a parallel rise
in MC degranulation and leukocyte accumulation, and
induced severe structural alterations. These effects were
potentiated by 7-NI, a selective inhibitor of the nNOS
isoform.

NO plays a central role in the maintenance of resting
esophageal mucosal blood flow, but it has been shown
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that the reactive responses to luminal deoxycholate are
not NO-dependent """ '*. In our experiments the acute
biliary challenge elicited characteristic microcirculatory
changes in the esophageal mucosa, as demonstrated by
intravital videomicroscopy. Both the venular diameter
and RBCYV increased, which shows that a substantial
venodilator influence is present in the mucosa, despite
cNOS inhibition. This finding is seemingly controversial.
Nevertheless, it is clear that other mechanisms or
mediators could compensate for the absence of ¢cNOS-
derived NO. Nonspecific inhibitors of NOS generally
increase the intestinal epithelial permeability, these changes
are attributed to the destabilizing effects of NO deficit on
MCs "L

It is reasonable to suggest that MC-related histamine
is a likely candidate in this process. Mucosal mast MCs
are a unique cellular source of both preformed and de
novo synthesized mediators, and MC-induced reactions
contribute to postischemic mucosal permeability
alterations and flow response in the gastrointestinal tract
B2 Moteover, it has been shown that bile acids are able
to degranulate MCs and induce histamine release from
mucosal MCs both iz vitro and in vivo . Tt has further
been reported that MC-derived histamine is involved in
esophageal and gastric vasodilatation duting acid-induced
injury *. This type of vasodilation could protect the
mucosa against further injury and appears to be mediated
by calcitonin gene-related peptides (CGRP) Y. Thus, it
is reasonable to suggest that bile-induced venodilatory
response is closely associated with MC degranulation.

The current study also showed that bile potently
inhibits the constitutive, Ca’’-dependent isoforms of
NOS, even though the activity of the inducible isoform
increased over time. The latter phenomenon could be a
compensatory event of ¢cNOS inhibition, or an aftermath
of inflammatory stimuli, as iNOS has been shown to be
present in macrophages and MCs too. The functioning of
inducible, Ca*"-independent iNOS is closely related to the
activation of NF-xB, and it has recently been shown that
the iNOS mRNA expression increases within 30 min after
an inflammatory challenge. Moreover, even physiological
levels of deoxycholic acid ate capable of inducing NF-xB
and NF-kB target gene expression .

Although the lowered ATP generation could be an
important factor for the acute decrease in cNOS activity,
the intracellular biochemical mechanisms mediating
this injury are not completely understood. It has been
speculated that unconjugated di- and trihydroxy bile acids
cause damage by binding to and crossing cell membranes
to enter cells. However, it has recently been shown that
the B-chain of ATP synthase, a principal protein complex
in the mitochondrial inner membrane, is also present
at the cellular surface and plays a decisive role in the
regulation of cell homeostasis. At the mitochondrial level,
the potential toxicity of bile acids may cause cytochrome
C release and Fas-dependent hepatocyte apoptosis or
necrosis, and inhibit the activities of complexes I and
III of the mitochondrial respiratory chain . However,
because of their detergent properties, bile acids are
inherently cytotoxic and their direct toxicity to isolated
hepatocyte mitochondria has also been demonstrated .

Some evidence additionally attests to the importance
of direct effects of bile on MCs. It has been shown that
lipophilic bile acids possess concentration-dependent
cytotoxicity toward MCs, causing histamine release iz vitro
Pl Similarly, iz vivo bile acids induce secretion in the small
intestine by a mechanism involving histamine-mediated
processes and MC degranulation ** . However, Fihn e a/
?I demonstrated that MC degranulation and NO release
are not involved in the mechanism of deoxycholic acid-
induced increase in epithelial permeability in rat small
intestine . As the secretory effect of conjugated bile
acids is observed only in association with an increase in
mucosal permeability, a possible explanation could be that
a permeability-enhancing factor is necessary to permit
access of these charged large molecules to the basolateral
membrane or to the subepithelium, where they can then
exert their secretory effect. In our study, 7-NI treatment
significantly amplified bile-induced tissue damage and
caused further MC degranulation. Since 7-NI has a
higher affinity for nNOS than for the eNOS isoform ™",
the residual responses to 7-NI might be mediated by a
previously unblocked part of the nNOS isoform. This also
suggests that bile principally inhibits eNOS, and partially
sustained nNOS activity is able to counteract, or at least
diminish the harmful effects of bile. This underlines
the role of nNOS-derived NO in the maintenance of
esophageal homeostasis.

Beside increases in blood flow, acute biliary challenge
was found to be accompanied with leukocyte recruitment.
In many ways, constitutively produced NO is anti-
inflammatory, as it modulates the adhesive interaction
between leukocytes and endothelium, and reduces MC
reactivity. Thus, it could be hypothesized that decreased
local ATP level, cNOS inhibition and relative lack of NO
could account for the mucosal MC degranulation and the
intramural blood flow increase, and these factors may play
a concerted role in the process of leukocyte accumulation.

In the PC-pretreated animals, on the other hand, the
bile-elicited ATP decrease, cNOS inhibition and MC
degranulation were significantly attenuated. The question
therefore arises as to which process may be of critical
significance in the mechanism of mucosal protection after
PC treatment. PC is a ubiquitous membrane-forming
entity and the most prominent phospholipid species in
the gastrointestinal tract. PC is present in the bile, i vitro
and in vivo experiments have demonstrated that topical
PC physically protects the intestinal mucosa against
injurious actions of bile salts by forming less toxic mixed
micelles ', Nevertheless, the experimental results and
clinical experience suggest that PC could function as an
active substance under certain 7z vivo conditions. The
therapeutical effect of dietary PC in preventing esophageal
strictures due to alkali-induced esophageal burns has been
demonstrated in rats™ and parenteral PC and lyso-PC
could prolong survival in experimental sepsis models™*",
PC is taken up by phagocytic cells, and accumulates in
inflamed tissues "7, Little is known about the transport
of the molecule, but phosphatidylcholine transfer protein
(PCTP) accelerates the intermembrane transfer of
phospholipids in an energy-independent way. Choline, a
metabolite of PC and a precursor of organic osmolyte
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betaine, is actively transported by a choline carrier
described in intestinal epithelial and endothelial cells of
the blood-brain barrier .

It is widely believed that the biological efficacy of PC
depends on the fatty acid moiety P In contrast, some
studies have revealed that the protective role of PC is
independent of fatty acids, and it may be assumed that the
active principle is choline. Phospholipase-D is activated
by almost all stress factors resulting in the release of
phospholipid metabolites, and several of these factors
could be of importance in stress-induced defense reactions
P Indeed, it has been shown that PC metabolites might
relieve a potentially dangerous increase in the ratio of
NADH/NAD" (reductive stress), a predisposing cause
of oxidative damage M This reaction sequence could
explain the still incompletely understood essential role
of choline in diet and its preventive efficacy in a number
of experimentally induced pathologies associated with a
redox imbalance. It may be assumed that the endogenous
pool of these metabolites may become exhausted under
exogenous provocation and that an exogenous supply
might help to replenish and strengthen the endogenous
protective mechanism.

In conclusion, our data suggest that nNOS-MC axis
plays an important role in the mucosal defense system of
the esophagus. Elucidation of the mechanisms by which
bile acids induce mucosal dysfunction is complicated by the
intrinsic complexity of esophageal tissue, which is made
up of many different, but interacting cell types. Whether
the findings in this experimental model are applicable to
humans remains to be established. However, these data
together with previous observations suggest a therapeutic
potential for parenteral PC with a view to decreasing the
harmful consequences on bile-induced tissue reactions.
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