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Several epidemiological cohort studies have suggested that
duodeno-gastroesophageal reflux per se induces Barrett's
esophagus leading to increased risk of the development of
esophageal adenocarcinoma (EAC). However, the exact
causative factors behind EAC remain unclear. Recently,
we designed a new duodenal contents reflux model which
retained normal stomach function. In this model, duodenal
contents flowed back into the esophagus and stomach
resulting in repeated re-entry into the esophagus through
the site of esophagojejunostomy. To elucidate the factors
underlying the development of EAC, thiazolidine-4-
carboxylic acid (thioproline, TPRO) was applied to the new
reflux models as a nitrite scavenger and as a probe to detect
reactive nitrogen species (RNS). Post-operatively, 31 ani-
mals were divided into two groups according to diet. Ani-
mals belonging to the control group were given normal diet
(n � 18), while the TPRO group was given food containing
0.5% TPRO (n � 13). All esophageal sections in both
groups were examined using hematoxylin and eosin stain-
ing and immunohistochemical analysis of inducible nitric
oxide synthase (iNOS). EACs developed in 7 of 18 rats
(38.9%) of the control group, whereas no EACs were
detected in the TPRO group (Fisher's exact test, P 5 0.05).
Conversely, esophageal squamous cell carcinoma (ESCC)
was detected in 1 of 18 rats (5.6%) of the control group and
in 1 of 13 rats (7.7%) of the TPRO group. The incidence of
ESCC was not significantly different between the two
groups (P � 0.671). iNOS protein was overexpressed in
Barrett's esophagus of both groups. The present results
suggest that RNS such as nitric oxide and peroxynitrite
and nitroso compounds derived from reflux of duodenal
contents play an important role in the development of
EAC, and that the primary causes of ESCC and EAC
may differ.

Introduction

Gastroesophageal reflux disease (GERD) has become a
common disorder in the USA and Western Europe in recent
decades (1,2). Barrett's esophagus (BE) has been linked to a
substantially increased risk of esophageal adenocarcinoma
(EAC) and has been considered a consequence of long-standing
acid-induced injury (3--6). However, a large population of
patients with BE have been found to display periods with not
only gastric acid but also duodenal juice exposure of the eso-
phagus (7--12). Conversely, several investigators reported that
duodeno-gastroesophageal reflux per se can induce BE to form
EAC in rats (13--15).

To elucidate the carcinogenic effects of the duodenal con-
tents, many researchers have addressed the factors bile acids
and pancreatic juice (16,17) and others referred to the presence
of bacterial flora in duodenal juice that are capable of catalyz-
ing endogenous reactions to produce nitroso compounds
(18,19). Recently, overexpression of inducible nitric oxide
synthase (iNOS) protein has been reported in esophageal car-
cinoma of humans and animals (20--22) and reactive nitrogen
species (RNS) such as nitric oxide (NO), peroxynitrite
(ONOOÿ) and nitroso compounds are suggested to play an
important role in the esophageal neoplastic transformation
process.

Thiazolidine-4-carboxylic acid (thioproline, TPRO) is a cyc-
lic sulfur-containing amino acid and is a condensation product
of cysteine and formaldehyde (23,24). TPRO is an effective
nitrite-trapping agent both in vitro and in the human body and
it is a very sensitive probe for evaluating nitrosating capacity
(25--27). If RNS in the gastroduodenal reflux or nitrosative
damage contribute to esophageal carcinogenesis, TPRO as a
nitrite scavenger could inhibit the development of EAC.

Recently, we designed a new duodenal contents reflux model
which retained normal stomach function (15). The model
displays similarities to the situation in patients with duodeno-
gastroesophageal reflux, inducing both duodenal contents
and gastric juice reflux into the esophagus. To elucidate the
causative factors underlying EAC, we investigated whether
TPRO can inhibit EAC induced by duodeno-gastroesophageal
reflux using this new rat model.

Materials and methods

Animal model

Forty-two male Wistar rats (8 weeks old, 200--250 g) were used in this
experiment. Rats were housed two in each cage, under standard laboratory
conditions (room temperature 22 � 2�C, humidity 55 � 5%, 12 h light/dark
cycle). After 24 h fasting, a midline laparotomy incision was made under
inhalation anesthesia with diethyl ether and the following procedure was
performed according to previously reported methods (15). Briefly, an 1.5 cm
incision was made at the esophago-gastric junction and a loop of jejunum, 3 cm
distal to Treitz's ligament, was anastomosed side-by-side to the esophago-
gastric junction (Figure 1). As a result, duodenal and gastric contents flowed
back into the esophagus through the site of anastomosis and duodenal contents
mixed with gastric acid in the reserved stomach repeat, to re-enter through the
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site of anastomosis. All sutures were made using interrupted 7-0 nylon sutures.
Animals were allowed access to water at 12 h and to food at 36 h post-
operatively. Animals were not treated with any known carcinogens and sequen-
tial morphological changes in the esophagus were studied. Post-operatively,
surviving animals were divided into two groups according to diet. Animals
belonging to the control group were given normal diet (CRF-1), while the
TPRO group was provided food containing 0.5% TPRO. Animals were killed
using an overdose of diethyl ether in post-operative week 70.

Histological examination

Immediately after death the entire esophagus, site of anastomosis and a 5 mm
length of jejunum were removed. The esophagus was longitudinally opened,
spread on a cork plate mucosal side up for macroscopic examination and then
fixed in 10% neutral buffered formalin in phosphate-buffered saline. After 4 h
fixation the removed tissue was cut serially into 3 mm slices along the long-
itudinal axis. Three sections were made from each esophageal sample. Sections
were embedded in paraffin and cut into 4 mm sections. All sections were
stained with hematoxylin and eosin (HE).

Severe esophagitis was characterized as hyperplastic, when the squamous
epithelium was thickened with normal maturation and hyperkeratosis, or
regenerative, when the squamous epithelium showed increased height of the
lamina papillae and basal cell hyperplasia (28). BE, squamous cell dysplasia,
adenosquamous carcinoma, EAC and esophageal squamous cell carcinoma
(ESCC) were classified according to the WHO classification (29). We exam-
ined the full length of esophagus in all cases. If some lesions mentioned above
were partially detected, we counted them as positive cases.

Immunohistochemical analysis for iNOS

Serial sections of HE staining were deparaffinized and endogenous peroxidase
activity was quenched by incubation in 0.3% H2O2 in methanol for 30 min
at room temperature. Sections were then microwaved in citrate buffer,
pH 6.1, for 40 min for antigen retrieval. Non-specific binding was blocked
with 10% rabbit serum for 10 min. After blocking, sections were incubated
with mouse monoclonal antibodies to iNOS (NOS2, C-11, 1:100 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4�C. Normal
mouse IgG served as a negative control. The next day, immunoreactivity
was detected by incubation with biotinylated rabbit anti-mouse antibody and
streptavidin--biotin--peroxidase complex [Histofine SAB-PO (M) Kit; Nichirei,
Tokyo, Japan], for 20 min each. The color was then developed using
3,30-diaminobenzidine. Nuclei were lightly counterstained with hematoxylin.

Statistical analyses

Statistical evaluation was performed using Fisher's exact test. Values of P 5
0.05 were considered statistically significant.

Results

Five and six rats died as a result of complications of duodenal
contents reflux after surgery in the control and TPRO groups,
respectively. The other 31 animals survived for the 70 week
experimental period and comprised a control group (n � 18)
and a TPRO group (n � 13). There was no significant differ-
ence in body weight of rats between the control and the TPRO
groups.

Macroscopically, deep ulceration in the lower portion and an
uneven surface with erosion in the middle portion was detected
at the oral side away from the site of anastomosis in most rats
of the control group. Although a small number of rats in the
TPRO group displayed similar mucosal changes to the control
group, mucosal changes in most animals of the TPRO group
were mild compared with those in the control group.

All histopathological findings are summarized in Table I.
Severe esophagitis with basal cell hyperplasia were recognized
in all rats of the control group. Severe esophageal dysplasia
(66.7%), esophageal ulceration (83.3%), specialized BE
columnar epithelium (77.8%) (Figure 2A), EAC (38.9%)
(Figure 2B), adenosquamous carcinoma (16.7%) (Figure 2C)
and ESCC (5.6%) (Figure 2D) were also observed in the
control group. Almost all of these lesions were detected in
the TPRO group. Although esophagitis was detected in three
rats of the TPRO group, the degree of inflammation was mild
compared with the control group. Severe esophagitis devel-
oped in all other rats of the TPRO group. EACs and adenos-
quamous carcinomas were not observed in the TPRO group
and the incidence of esophageal ulcer and EACs were signific-
antly less in the TPRO group than in the control group
(P 5 0.05). No clear significances were seen between the
TPRO and control groups. However, the incidence of BE
(46.2%) in the TPRO group was less than in the control group
(77.8%) (P � 0.076), and most lesions except for ESCC were
decreased in the TPRO group compared with the control group.

Conversely, ESCC was detected in 1 of 18 rats (5.6%) of the
control group and in 1 of 13 rats (7.7%) of the TPRO group.
Severe inflammation was detected in tissue adjacent to ESCC.
The incidence of ESCC was not significantly different
between the two groups (P � 0.671).

There was no iNOS protein expression in adjacent normal or
squamous cell epithelium with basal cell hyperplasia com-
pared with intense staining of BE in both the control and

Fig. 1. Surgical procedure of gastric and duodenal contents reflux model.
T, Treitz ligament. One of the advantages of this model compared with other
models is normal stomach function and normal nutritional status is retained.
Duodenal contents repeatedly flow back into the esophagus and the stomach
through the site of esophagojejunostomy.

Table I. Histopathological findings in both groups and statistical evaluation
in every lesion

Finding Positive cases/total at 70 weeks (%) P

TPRO Control

Severe esophagitis 10/13 (76.9) 18/18 (100) 0.064
Squamous cell dysplasia

(severe)
4/13 (30.8) 12/18 (66.7) 0.117

Esophageal ulcer 6/13 (46.2) 15/18 (83.3) 0.036
Specialized columnar

epithelium
6/13 (46.2) 14/18 (77.8) 0.076

Esophageal adenocarcinoma 0/13 (0) 7/18 (38.9) 0.012
Adenosquamous carcinoma 0/13 (0) 3/18 (16.7) 0.182
Squamous cell carcinoma 1/13 (7.7) 1/18 (5.6) 0.671

Fisher's exact test was used for statistical evaluation. P values 50.05 were
considered significant. Esophageal ulcer and EAC in the TPRO group were
significantly less than in the control group. However, the incidence of ESCC
was not significant.
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TPRO groups (Figure 3A and B). iNOS protein was slightly
expressed in EACs and adenosquamous carcinomas in the
control group and ESCCs in both groups (Figure 3C and D).

Discussion

Despite progress in understanding the relationships between
EAC and GERD, few studies have explored the underlying
causes. Several animal models using surgical methods have
been developed to study BE and EAC (13--15,30--32). Among
these, only duodenal contents were shown to induce EAC
in a model of esophagojejunostomy with gastrectomy (32).
Duodenal contents must therefore play a crucial role in carcino-
genesis leading to EAC.

N-nitroso compounds have been postulated as one of the
causative factors for malignancies of the digestive tract.
There is experimental data that two nitrosated cholic acids,
N-nitroso-glycocholic acid (GCA) and N-nitroso-taurocholic
acid (TCA), cause gastric carcinogenesis in rats (16). On the
other hand, Correa et al. suggested that achlorhydria induced
by atrophic gastritis or gastric surgery allows overgrowth of
the microflora by nitrate-reducing bacteria which convert diet-
ary nitrate to nitrite. It seems probable that nitrite is produced

by bacterial flora in the duodenum after the reflux operation,
which combines with amines and amides in foods to form
N-nitroso compounds (33), causing EAC carcinogenesis.

On the other hand, it has also been reported that iNOS is
overexpressed in esophageal cancer of humans and animals
(20--22), and it is well known that RNS such as NO, ONOOÿ

and nitroso compounds are implicated in the pathophysiology
of inflammation and carcinogenesis (34). However, a recent
study failed to demonstrate the presence of any TCA or GCA
and no other nitroso derivatives could be detected in any
samples of reflux animal models (28). The reason for these
discrepancies must be that RNS are unstable and occur in very
small amounts in esophagus of rat reflux models. To elucidate
the effects of RNS derived from bile acid and nitroso com-
pounds produced by bacterial flora in the reflux of gastric and
duodenal contents' we evaluated the inhibitory effect of TPRO
as a nitrite scavenger and as a sensitive probe to detect RNS
indirectly.

The ubiquitous signaling molecule NO is synthesized by the
nitric oxide synthase enzymes: iNOS is the primary nitric
oxide synthase responsible for heightened NO production dur-
ing inflammation. NO has been linked to early events in the
tumorigenic process, including DNA damage, lipid peroxida-
tion and regulation of inflammation (35,36), all of which can

Fig. 2. Histological findings in the rat reflux model. HE staining, �200. Various lesions developed in the reflux model. (A) Specialized columnar epithelium;
(B) esophageal adenocarcinoma; (C) adenosquamous carcinoma; (D) squamous cell carcinoma.
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cause neoplastic growth. In the present study, TPRO inhibited
the development of EAC and iNOS protein was overexpressed
in BE of both the control and TPRO groups. TPRO could not
suppress the overexpression of iNOS, and our results sug-
gested that the mechanism by which TPRO inhibits esophageal
carcinogenesis induced by duodenogastric reflux could be
summarized as follows. TPRO, a nitrite-trapping agent by
virtue of its nitrosating capacity, inhibits not only the produc-
tion of nitroso compounds by nitrite-reducing bacteria but also
RNS, such as NO, ONOOÿ and N-nitroso compounds, derived
from reflux of duodenal contents. Our present study was
unable to detect any RNS or nitroso compounds. However, it
is possible to speculate that RNS derived from duodenal con-
tents and nitroso compounds produced by bacterial flora play
an important role in the development of EAC.

It is widely accepted that ESCC is associated with smoking
and alcohol (37--40). A risk of ESCC is reported not to be
associated with gastroesophageal reflux. Individuals with
long-standing and severe symptoms of reflux display odds
ratios of 43.5 for esophageal adenocarcinoma and 1.1 for
ESCC (3). The present results suggest that EAC are associated
with RNS derived from bile acids in the esophagus. Some
previous investigations, in addition to the present study, have
suggested that ESCC can be induced by reflux of duodenal
contents alone. However, despite the decreased incidence of

EAC, the incidence of ESCC did not significantly change in
the TPRO group. These results suggest that the primary caus-
ative factors differ between ESCC and EAC.
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