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Abstract Using orally administered sucrose as a probe of
gastrointestinal permeability, this study focused on deter-
mining whether Barrett’s metaplasia exhibits a paracellu-
lar transepithelial leak to small nonelectrolytes. Subjects in
five separate classes (nonendoscoped, asymptomatic con-
trols; endoscoped, asymptomatic controls; gastroesophageal
reflux disease without mucosal complications; grossly vis-
ible esophagitis; and Barrett’s esophagus) consumed a su-
crose solution at bedtime and collected all overnight urine.
Urine volume was measured and sucrose concentration was
determined by high-performance liquid chromatography. Pa-
tients with Barrett’s were observed to exhibit a transepithelial
leak to sucrose whose mean value was threefold greater than
that seen in healthy control subjects or patients with reflux
but without any mucosal defect. A parallel study of claudin
tight junction proteins in endoscopy biopsy samples showed
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that whereas Barrett’s metaplasia contains dramatically more
claudin-2 and claudin-3 than is found in normal esophageal
mucosa, it is markedly lower in claudins 1 and 5, indicating
very different tight junction barriers.

Keywords Barrett’s esophagus - Sucrose - Tight junction -
Paracellular - Esophagus - GERD - Esophagitis

It has been known for more than 30 years that TJs are al-
tered in transformed and tumor epithelia [1]. Attenuation of
TJs is observed in urinary bladder carcinoma and murine
mammary adenocarcinoma [2, 3]. TJ strand abnormalities
have been seen in human thyroid carcinomas [4]. Poorly dif-
ferentiated colon adenocarcinomas were observed to have
the diminished structural organization seen in fetal colon
TJs [5]. M-methyl-N’-nitro-N-nitrosoguanidine (MNNG)-
induced gastric cancers and precancerous gastric lesions in
rats exhibit disappearance of apical TJs [6]. Decreased num-
bers of TJ strands have been observed in transitional carci-
noma of urinary bladder [7]. TJ disorganization and dimin-
ishment was observed in freeze fracture electron microscopy
of hepatocellular carcinomas [8]. TJs of human colon ade-
nocarcinomas and certain adenomatous polyps are known to
be leaky to electron dense probes [9]. Precancerous colons
of mice treated with chemical carcinogens exhibit decreased
transepithelial barrier function as measured by transepithe-
lial electrical impedance [10]. A similar pattern of decreased
impedance has been observed in inflamed esophageal tissue,
and even lower impedance is seen in dysplastic esophageal
tissue [11]. In Crohn’s disease, one has human colon tissue
at increased risk of cancer onset likewise associating with
increased TJ permeability to paracellular probes [12, 13].
Processes and agents known to augment the promotional
stage of cancer (e.g., tumor promoting phorbol esters)
induce TJ leakiness [14]. Transforming growth factor-alpha
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is observed to override the induction of TJ formation by
glucocorticoids in mammary tumor cells [15]. Oncogene mu-
tations are likewise known to induce TJ leakiness [16—18].
SV-40 virus exposure induces TJ leakiness and down-
regulation of the TJ protein, occludin [19]. HGF/scatter
factor has been observed to have similar effects [20].

Down-regulation of TJ proteins is common in many tu-
mors. Whereas the epithelial to mesenchymal transition that
typifies epithelial neoplasia occurs rather late in the pro-
cess, decreases of TJ proteins, such as ZO-1, occur earlier
[21]. Occludin expression decreases progressively with the
increasing carcinoma grade in human endometrial cancer.
A similar phenomenon occurring with TJ proteins in colon
cancer (e.g., loss of claudin-1 [22]) may have a bearing on
the dispersal of carcinoembryonic antigen in colon tumor
cells from its normally polarized distribution [23, 24]. Oc-
cludin distribution and expression is altered in increasing
Gleason grades of prostate cancer [25]. Poorly differentiated
adenocarcinomas of the GI tract exhibit reduced occludin
expression [26]. Occludin expression is sharply decreased or
otherwise altered in hydatiform moles of the placenta [27].
Microvessels of human brain tumors, the leaks in whose
TJs are responsible for cerebral edema in certain types of
brain cancer, are excellent examples of down-regulation of
occludin in cancer [28, 29].

The claudin family of TJ proteins behaves similarly, but
in certain tumors, certain claudins can undergo dramatic
up-regulation as well. An emerging picture of TJ structure
at the molecular level is one of homotypic and heterotypic
interactions among occludin and claudin molecules [30].
Simply the mere alteration in proportions of specific TJ
proteins, up or down, will disrupt the balance involved
in the “weave” of TJ proteins and TJ fibrils. The result
may be aberrant pores (in size, charge, and/or number)
in the paracellular pathway. Claudin-1 is lost in many
tumor microvessels of human glioblastoma multiforme [31]
and also seems to be frequently lost or down-regulated in
breast tumors, leading to speculation as to its potential role
as a tumor suppressor gene [32], a consideration earlier
considered for the TJ protein, ZO-1 [33]. However claudin-1
expression has been observed to be up-regulated in certain
colorectal cancers compared with adjacent normal mucosa
[34]. Claudin-1 is expressed in benign perineuriomas but
is absent in (the more serious) fibromyxoid sarcomas,
dermatofibrosarcoma protuberans, and desmoplastic fi-
broblastoma [35]. Claudin-7 is reduced in invasive ductal
carcinoma of the breast [36]. Claudins-3 and -4 are overex-
pressed in some ovarian cancers and claudin-16 is uniquely
expressed in certain ovarian tumors—not found in normal
ovarian tissue [37]. In summary, TJs are typically deranged,
down-regulated, or simply lost during neoplasia, the process
starting early in the progression, with the typical result being
a functional compromise of normal TJ barrier effectiveness.

Esophageal adenocarcinoma is one of the fastest rising
cancers in the United States and has a 5-year mortality rate
exceeding 90% [38, 39]. It is believed to arise out of a dis-
ease progression beginning with chronic gastroesophageal
reflux disease (GERD), progressing to esophagitis, then to
Barrett’s metaplasia, then to Barrett’s with dysplasia, and fi-
nally to adenocarcinoma [40]. In Barrett’s esophagus (BE),
the normal stratified squamous epithelium of the esopha-
gus is displaced by a columnar epithelium with an apparent
high dysplastic potential. This typically occurs in the distal
esophagus, arising from the gastroesophageal junction [41].
Whereas the risk of esophageal adenocarcinoma in the gen-
eral population is only 1 in 10,000, it rises to 1 in 200 in
patients with BE, a 50-fold increase [42, 43]. Our hypoth-
esis in this study was that Barrett’s epithelium, a paradigm
“precancerous epithelium,” would constitute a region of high
paracellular leak across the otherwise highly efficient epithe-
lial barrier of normal esophagus.

Materials and methods
Study population

With the recruitment phase ending in February 2004, 34
outpatients scheduled for upper endoscopy and 13 nonendo-
scoped control subjects were enrolled in our study. Patients
with a previous known history of GERD, dysphagia, or dys-
pepsia with or without BE were enrolled by gastroenterolo-
gists in a teaching community hospital in suburban Philadel-
phia, PA. They were seen in referral and given appropriate
therapy. Patients selected for this study were given medically
necessary upper endoscopic examinations. All enrolled sub-
jects gave informed consent and the study was approved
by the Main Line Health (Lankenau Hospital) institutional
review board committee.

After appropriate endoscopy with biopsies, patients were
placed in one of five diagnostic classes: 1) BE, 2) esophagi-
tis, 3) GERD without mucosal abnormality, 4) endoscoped
controls (hiatal hernia, Schatzki’s ring, or negative examina-
tion), or 5) nonendoscoped healthy control subjects. Patients
with observed gastritis or any duodenal abnormalities were
excluded from the study. Diagnosis of BE was confirmed
by a staff pathologist on the basis of identification of goblet
cell metaplasia in hematoxylin and eosin-stained sections,
followed by confirmation with Alcian blue staining. These
classes are shown in Tables 1 and 2 along with variables
pertinent to outcome.

During endoscopic examination, diagnostic esophageal
biopsies were taken in four quadrants at 1-cm intervals with
standard biopsy forceps and placed immediately in formalin
for later paraffin embedding and hematoxylin and eosin and
Alcian blue staining. Additional biopsy samples for study
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Table 1 Demographic data on patients participating in permeability trial

Gender Tobacco Alcohol
No. of patients Age range (yr) Mean age (yr) distribution use* use* Body mass index
Nonendoscoped controls 13 20-79 48.2 6F/TM 0/13 9/13 Not determined
Endoscoped controls 5 46-81 60.8 2F/3M 0/5 0/5 21.5-37.9
GERD 9 34-75 53.5 4F/5M 0/9 2/9 21.8-40.8
Esophagitis 6 47-83 65.5 3F3M 1/6 4/5 23.8-36.5
Barrett’s esophagus 14 34-87 62.3 5F/9M 4/14 7/14 22.4-32

Note. GERD gastroesophageal reflux disease; F female; M male.

*Alcohol use greater than once per week; tobacco use current or within 20 years.

purposes were placed in cell lysis buffers with inhibitors of
proteolysis as described below.

Criteria for enrollment exclusion were: diabetes mellitus,
previous gastric or esophageal surgery, known active gastric
or duodenal mucosal ulceration, younger than aged 18 years,
abdominal pain, gastrointestinal bleeding, weight loss, or
intractable nausea and vomiting.

Sucrose permeability testing

With no net charge and a molecular weight of only 360, su-
crose is a workable probe of TJ permeability [44]. Sucrose
has already been shown to be a useful probe for gastric ulcer
disease that grossly compromises the gastric barrier (by de-
nuding portions of gastric mucosa) [45] and has been used
for detecting gastric cancer [46]. Sucrose has only negli-
gible affinity for transcellular transport pathways. Its only
significant route across the gastroesophageal barrier is para-
cellular diffusion. Sucrose in the GI lumen—even the 100 g
dose used in this study—actually ceases to exist in the small
intestinal lumen because of microvillar hydrolases, thus it
can only enter the bloodstream by transepithelial diffusion
at sites proximal to this organ. Any sucrose that does diffuse
into the bloodstream is quantitatively filtered into urine be-
cause sucrose is neither reabsorbed nor metabolized by the
kidney. Sucrose appearing in the urine is then analyzed by
HPLC as described [45].

At least 14 days after endoscopy, patients and healthy
control subjects consumed in their homes a chilled solution
of 100 g of sucrose in 200 ml of water containing 5 g of a
citric acid-based flavoring agent at bedtime. After 14 days,

Table 2 Endoscopy and pathology findings relating to disease class

Los Angeles Length of Alcian

score segment (cm)*  blue-positive
Esophagitis 3A/3B NA NA
Barrett’s NA 7 short/6 long  14/14

Note. NA not applicable.

*Range of segment lengths were 1-7 cm; one patient did not have a
segment length recorded.

a Springer

it is unlikely that sites of previous biopsies could leak or
even be identified [47]. An 8-hr overnight urine sample
was collected in a container with 5 ml of 10% thymol in
isopropanol (as an antimicrobial). Total urine volume was
measured and recorded. The concentration of sucrose in
the urine sample was then measured by high-performance
liquid chromatography (HPLC) after previous desalting of
the urine sample by anion and cation exchange resins [45].
Total amount of sucrose in the urine in milligrams was
determined by multiplying the urine volume in milliliters
by the sucrose concentration in milligrams per milliliter.

Salivary amylase

As a potential endogenous probe of upper gastrointestinal
leak, the activity of the saliva enzyme, salivary amylase
(SA), was measured in both saliva and blood. The hypothesis
was that an uppergastrointestinal leak to sucrose also might
permit the paracellular diffusion of SA. At the time of the
patient’s endoscopic examination, before administration
of anesthesia, a 5-ml blood sample was withdrawn from
the patient’s antecubital vein, collected in serum separator
tubes, and centrifuged after clotting. The resulting serum
supernatant was then analyzed for both pancreatic amylase
and total amylase by standard colorimetric methods using
monoclonal antibodies to inhibit salivary amylase (ARUP
Laboratories, Salt Lake City, UT). The activity of SA in the
blood sample was then determined by the difference of total
amylase and the pancreatic form. A sputum sample also
was obtained at this time by having the patient expectorate
before anesthesia administration. Sputum was diluted
1:1000 in 1% bovine serum albumin in phosphate-buffered
saline and this solution was likewise assayed for total
(salivary) amylase activity (MainLine Clinical Labs,
Wynnewood, PA).

Esophageal biopsy sampling and tight junction
protein analyses

During the endoscopic examination, in addition to biopsy
samples taken for routine histology, three biopsy samples
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were taken from apparent BE regions and placed immedi-
ately in buffers at 4°C. A set of three also was taken from
a region of grossly normal esophageal mucosa 2- to 3-cm
above the upper limit of the Barrett’s region. Samples were
placed immediately in a detergent-free extraction buffer at
4°C with appropriate protease and phosphatase inhibitors
[48]. Samples were immediately frozen in a dry ice/methanol
bath and stored at —70°C until subsequent protein analysis.
Esophageal biopsy samples were not collected into a total
lysis buffer as described previously [50] because dilution
of the TJ proteins in a total lysate was found to obscure
the detection of certain low abundance TJ proteins. Sample
extraction involved sonication followed by centrifuging
the samples in the above sample buffer at 39,000 rpm for
60 min in a Beckman Ti50 rotor at 4°C. The resulting
supernatant comprised proteins freely soluble in the cell
and was termed the “cytosolic” fraction. The resulting pellet
was resuspended in the above buffer now containing 1%
Triton X-100. After subsequent centrifugation as above, the
resulting supernatant comprised proteins that were loosely
membrane-associated and was termed the “membrane-
associated” fraction. The resulting pellet was resuspended
in an extraction buffer containing 1% NP-40, 0.1% sodium
dodecylsulfate, and 0.1% sodium deoxycholate. After
centrifugation, this final supernatant comprised proteins
that were strongly lipid-bound or in complexes with other
cellular proteins, and was termed the “cytoskeletal” fraction.
Samples of each of these three fractions were then analyzed
for various members of the claudin family of TJ proteins
by PAGE in a Novex Mini Cell Apparatus (Invitrogen,
Carlsbad, CA) and Western immunoblot analyses using
a Novex XCELL II blotting module. Chemiluminescent-
labeled immunoblots were placed against reflection
autoradiography film (Kodak, Rochester, NY) and devel-
oped in a Kodak M35A X-OMAT processor. For quantitation
of Western immunoblots, a Molecular Dynamics Personal
Densitometer SI was used.

Statistics

All comparisons were made between nonendoscoped con-
trols and each of the subject groups. All P values
are two-sided. Sucrose and age comparisons were per-
formed by using the Wilcoxon rank-sum procedure to
avoid problems associated with the raw data distribu-
tions and with multiple comparisons using the same con-
trol group. Sucrose statistical findings were confirmed
using Dunnet ¢ comparisons within a one-way ANOVA
performed in logs. Medians are reported because this
is the central tendency metric for the Wilcoxon test.
Comparisons for gender distributions used Fisher’s exact
test.

Materials

Antisera to claudins-1, -2, -3, -4, and -5 were obtained from
Zymed, Inc (South San Francisco, CA). Antisera to claudins-
1 and -3 were polyclonals; antisera to -2, -4, and -5 were mon-
oclonals. Secondary antibodies conjugated to horseradish
peroxidase, in conjunction with Western Lightning® chemi-
luminescence reagents (Perkin Elmer, Inc.), were used for
chemiluminescent detection of protein bands. Reagent chem-
icals were a product of Fisher Biosciences, Inc. Total amylase
activity assays were performed by MainLine Clinical Labs,
Inc. Assays for specifically salivary amylase were performed
by ARUP Laboratories.

Results

A total of 47 subjects were enrolled. Grouped by disease
class their demographic characteristics are shown in Table 1
and clinical parameters pertinent to their conditions in
Table 2. Reflecting the community base of the hospital at
which recruitment was performed, the great majority of
patients in this study were white; only 4% were non-white.
Age ranges for each group were similar, as was gender
distribution. Tobacco use was higher in the BE group than
the simple GERD group or either control group. Where
present, esophagitis severity was uniformly low, when
present at all, with all Los Angeles scores for the esophagitis
class in the A-B range. The overall patient population
tended to be on proton pump inhibitor (PPI) therapy at
the time of their sucrose permeability test and endoscopy
(13/13 patients with BE were taking proton pump inhibitors
at the time of the test). The distribution of long vs short
segment (short-segment BE defined as <3 cm) BE was
approximately even with six long- and seven short-segment
patients enrolled. A positive result in Alcian blue staining
was the criterion used for all assignments to the BE group.
The BE group (mean value) manifested a near threefold
greater leak of sucrose than either control group (which were
themselves nearly identical regarding sucrose leak character-
istics) (Fig. 1; Table 3). In addition the BE group exhibited a
wide range of sucrose leak values for individual subjects. BE
patients with the greatest sucrose leak were fivefold to seven-
fold greater than the mean sucrose leak values of the two con-
trol groups, or the GERD-only group. The first control group
was a “healthy control” volunteer group with no history of
upper or lower gastrointestinal disease or previous gastroin-
testinal surgery but did not undergo upper endoscopy. The
second control group presented to gastroenterologists for
mild dyspepsia or vague gastrointestinal symptoms but did
not exhibit typical GERD symptoms or any mucosal ab-
normality. Perhaps the equally important finding is that the
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patient group with GERD, showing no observable mucosal
pathology during upper endoscopy, exhibited a sucrose leak
whose mean was nearly identical to the two control groups,
differing only in a slightly increased range of sucrose leak
values compared with these two groups. This indicates that
GERD per se does not result in an elevated transmural leak
to sucrose nor is GERD directly contributing to the elevated
sucrose leak that we observe in BE. The esophagitis group
showed a sucrose leak whose mean value was intermediate
between that of the GERD-only and the BE groups.

The control groups showed no effect of age on sucrose
leak (Fig. 2). A similar relationship, showing again no cor-
relation, was seen when the sucrose leaks of the subjects in
the BE group were plotted as a function of their age. We
concluded that age was not an issue in the results obtained.

Sucrose is—for the purposes of this test—an exogenous
probe that is introduced into the lumen of the upper gas-

Patient Class

trointestinal tract to measure transmural (transepithelial) leak
within those organs. While conducting these studies, we at-
tempted to assess whether there may be an endogenous probe
that could perform a similar function. We chose for this pur-
pose the enzyme, salivary amylase (SA), which is secreted
into the proximal lumen of the upper gastrointestinal tract,
by the parotid glands in the oral cavity. SA exists in much
higher concentrations in the GI lumen than it does in the
antiluminal fluid compartment (vasculature). It fulfills one
characteristic that one may wish to see in a probe. It, how-
ever, is much larger than sucrose (mw 342), being a 55 kDa
protein. Although it is nearly net neutral in charge at normal
pH, it is not a nonelectrolyte in the sense of sucrose, because
it can carry charged amino acid and carboxyl residues over
its surface.

As described in Methods, SA content was measured in
sputum samples and serum samples for the majority of

Table 3 Summary of sucrose

leak across different patient Median urine Mean urine Range of
classes No. of patients  sucrose sucrose sucrose P value
Nonendoscoped 13 65 68 £ 04 41-86 —
controls
Endoscoped 05 64 60+t 11 17-80 NS (0.98)
controls
GERD-only 09 47 62+13 21-118 NS (0.68)
Esophagitis 06 127 121£11 68-144 0.0013
Barrett’s 14 152 190 +27 95-428 0.0001
esophagus

Note. GERD gastroesophageal reflux disease; NS not significant. Sucrose data represent the mean =+
standard error of the milligrams of sucrose in an overnight urine sample. P values are from the Wilcoxon
rank-sum test and the Dunnet ¢ comparison with a one-way ANOVA against the nonendoscoped control
group. All P values are two-sided. All subjects are private patients from the Gastroenterology Associates
of the Main Line practice at Lankenau Hospital, Wynnewood, PA, and Bryn Mawr Hospital, Bryn Mawr,

PA.
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Fig. 2 Relationship of total
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subjects enrolled in the study, and data were analyzed for
possible differences among the various classes. We did not
observe a significant difference between nonscoped control
subjects and the BE group, regarding their levels of serum
SA, as shown in Fig. 3. Likewise a difference in the ratio
of serum SA/sputum SA was not observed for these two
different patient classes (data not shown). We conclude
that SA is not a useful probe for transmural leak in BE,
perhaps because of its size, surface charges, or even its
more complicated clinical chemistry, in that unlike sucrose,

Fig. 3 Comparison of the
serum salivary amylase activity
between nonendoscoped control

it is subject to ongoing clearance in the liver or proteolytic
digestion in the plasma or other body space.

The fact that a threefold greater sucrose leak is observed
in BE does not necessarily mean that BE is the source of
the transmural leak that we observe in BE patients. As stated
earlier, sucrose (with its lack of membrane transport proteins
in eukaryotic cells) has only the paracellular pathway to
cross the upper gastrointestinal epithelium, i.e., across the
epithelial TJ and through the intercellular space, unless there
is a large scale break in the epithelial barrier, as in frank
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ulcerations. The latter possibility is rendered less likely by
the seeming inability of SA to cross the epithelial barrier
even in the BE population. This rationale prompted the first
ever characterization of the TJ proteins of the epithelia of
BE vs adjacent normal (stratified squamous) epithelium.

As described in Methods, biopsies were taken during up-
per endoscopy of the BE region and then 3-cm proximal to
the highest margin of the BE region. Even the normal biop-
sies were always from distal esophagus, because our great-
est length of Barrett’s segment was 7 cm (from the Z line).
These biopsies were then analyzed by Western immunoblot
for different TJ proteins. In an earlier report we showed that
although occludin content was surprisingly similar on a per
milligram total protein basis between BE and normal esoph-
agus, claudins-1 and -2 were different [49]. Those analyses
were hampered somewhat by the low abundance of certain
junctional proteins (e.g., claudin-2) and our methods were
changed to focus on levels of expression of these junctional
proteins in various subcellular fractions rather than a total
cell lysate, thereby enriching for these proteins and facilitat-
ing their detection.

Figure 4 reports the results for claudins-1 through -5.
Each had a mirror image relationship between their content
in BE and that in adjacent normal epithelium. Although this
does not prove that the BE barrier is leaky, it does indicate
that the TJs of the BE barrier are fundamentally and dramati-
cally different from the TJs of normal esophageal epithelium.

Fig.4 Western immunoblot
comparison of TJ proteins in
Barrett’s mucosa vs adjacent
normal esophageal epithelium.
As described in Materials and
Methods, biopsies of Barrett’s
mucosa and adjacent normal
mucosa were fractionated into
cell soluble (S),
membrane-associated (M), and
cytoskeletal-associated (C )
samples. Results are shown for
one BE patient, and for five
separate claudin proteins
(claudin-1, -2, -3, -4, -5)

a Springer

Normal

Although claudins-1 and -5 are abundant in normal esoph-
agus, they are nearly undetectable in BE mucosa (Fig. 4).
On the other hand, whereas claudins-2 and -3 may not be
present in normal esophageal mucosa, they were readily de-
tectable in BE. Only claudin-4 was easily detected in both,
although uniformly greater in abundance in normal esoph-
agus. When these results were quantitated by densitometry
for five separate patients with BE (always comparing BE
vs normal mucosa for the same individual patient), there
was enormous statistical difference between BE and normal
mucosa for claudins-1, -2, -3, and -5 (Fig. 5). Only claudin-4
did not exhibit a statistical difference (P < 0.05), although a
trend was evident that claudin-4 was lower in BE (P = 0.09).

Discussion

In the late 1980s, an elegantly simple, inexpensive test was
proposed for screening patients with gastric ulcer disease
[45]. The test consisted of patients consuming a concentrated
solution of sucrose followed by an overnight urine collection
and determination of the amount of sucrose in the urine sam-
ple. Because mammalian cells lack a disaccharide transport
protein, sucrose cannot be transported by carrier mediation
across an epithelial cell barrier. Its only means of transit-
ing an epithelial barrier, such as the upper gastrointestinal
tract, would be to diffuse across a breach in the barrier itself,

Barrett's
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Fig. 5 Summary of differences in claudin expression between
Barrett’s mucosa and adjacent normal mucosa for BE patients. As
described in Materials and Methods, the chemiluminescent film results
(Fig. 4) for individual patients were quantitated in a Molecular Dynam-
ics densitometer. Results shown above represent the relative expression
of claudins-1 to -5 in Barrett’s mucosa relative to the adjacent normal
mucosa. Claudin-1 for example showed an 80% lower expression in BE
than in normal mucosa. The extremely higher levels of expression of

such as a laceration or ulceration. Once gaining access to the
bloodstream, sucrose molecules (with normal renal function)
would be quantitatively delivered into urine, because the kid-
ney would be unable to reabsorb it because of the same lack
of disaccharide transport proteins. Furthermore, the presence
of hydrolayses on the microvillar surface of the duodenum
means that any sucrose that did leak into the bloodstream
must leak before the site of hydrolysis, indicating the site
of the leak to be predominantly gastric or esophageal. The
present study is an adaptation of this test to the detection
of a leak not caused by an injury of the overall epithelium
but by altered TJ permeability in a precancerous zone of ep-
ithelium. Radiolabeled carbohydrates, such as 14C_mannitol
or *C-polyethyleneglycol (similar to sucrose in their being
physiologically inert by being neither metabolized by nor
taken up into gastrointestinal cells), have been extensively
used to screen for transepithelial leakiness on the molecular
level, i.e., permeability across the strands of the TJ com-
plex [50]. Previous observations from our group have shown
that exposure to tumor promoting chemicals or mutation of
oncogenes, as well as actual preneoplastic epithelium, all
associate with a compromise of epithelial barrier function at
that site, specifically alteration of the epithelial TJ (zonula
occludens) complex itself with resultant increase in TJ and
transepithelial permeability [9, 14, 48]. The underlying hy-

Claudin 3 Claudin 4 Claudin 5

claudins-2 and -3 in Barrett’s mucosa relative to normal mucosa, reflect
their essential undetectability in normal mucosa. Error bars indicate the
standard error of the mean for n = 6 patients selected at random from
our BE cohort. Differences between Barrett’s and normal mucosa were
statistically significant for claudins-1, -2, -3, and -5 (P < 0.01, Student
t-test, equal variances). *225-fold increase in BE; **36-fold increase in
BE

pothesis in this study was that patients with BE will manifest
increased solute permeability across the metaplastic epithe-
lium of the distal esophagus.

This study has three core findings: 1) Barrett’s esophagus
patients have a significant and dramatic transepithelial leak
to at least small nonelectrolytes in their upper gastrointesti-
nal tract; 2) reflux per se is not sufficient to generate this leak,
because GERD patients who do not have mucosal abnormal-
ity do not manifest such leak; and 3) on a molecular level,
the paracellular barrier in Barrett’s mucosa is structurally
different than the paracellular barrier in normal esophageal
mucosa.

Our finding of increased transepithelial leakiness in pa-
tients with BE is supported by a recent study that observed
decreased electrical impedance across biopsies of Barrett’s
tissue compared with normal stratified squamous esophagus
[51]. This decreased impedance was moreover accentuated
when dysplasia was evident in the tissue, a finding with im-
portant clinical significance. Although this finding relates
strictly to ion (Nat and CI™) permeability through the para-
cellular pathways, it says that at least some type of increased
transmural permeability is present in BE.

Our study is not focused on GERD-related permeability
changes occurring in the esophageal mucosa as it transits
from a stratified squamous epithelium to the columnar,
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intestinal-like epithelium in BE. It focuses instead on the
end state only: the BE condition. The Orlando group has
produced a series of studies on GERD-related changes
in the stratified squamous esophageal epithelium, finding
most notably that luminal acid and/or pepsin simultane-
ously produces increased rabbit esophageal transepithelial
permeability to a range of dextran probes (up to 20 kDa)
and decreased transepithelial electrical resistance while
simultaneously causing the appearance of dilated intercel-
lular spaces between cells of the stratum corneum [52, 53].
Similar findings were observed in human esophagus from
patients with nonerosive reflux disease and the phenomenon
of dilated intercellular spaces reversed with omeprazole
treatment [54, 55]. With its patient-based approach, our
present study cannot make the cellular or subcellular
conclusions reached in these studies. However, based on
available literature, except for possibly esophagitis, we
can state that BE does not correlate with any pathology
in the upper gastrointestinal tract other than the Barrett’s
metaplasia itself. Our findings support this in that no other
explanation for sucrose leak in patients with BE was iden-
tified. We have examined antrum biopsies of patients with
BE and compared these to (nondiseased) antrum biopsies
of patients who do not have BE. We have not seen any
differences in histology, nor do we observe any differences
in claudin protein composition that might underlie an
altered antral epithelial TJ barrier in BE patients (data not
shown).

It is noteworthy that in the course of this study, one pa-
tient was reclassified from the esophagitis category to the
BE category. This patient was originally diagnosed as hav-
ing esophagitis when upper endoscopy was first performed.
At the request of the gastroenterologist, biopsy tissue sam-
ples were sent to a second histology laboratory where Alcian
blue staining (not performed at the first laboratory) and/or
sections being taken from a different end of the biopsy spec-
imen, resulted in detection of intestinal metaplasia and the
diagnosis being changed to BE. This patient’s sucrose leak
score at the time of their initial diagnosis was high for the
esophagitis group, 269 mg, but was midrange for the BE
group. In a sense, that sucrose leak score became predictive
for this one patient’s later reclassification to the BE group.

The potential clinical utility of the findings reported here
may rest with the ability of sucrose to effectively screen for
patients with BE among the general GERD population. If
coupled with PPI therapy, the test may have economic and
medical value for BE screening. A sucrose test taken before
PPI therapy is begun, followed by a second test after 8 weeks
of PPI therapy, should show reduction of esophagitis-related
leak but no reduction of Barrett’s-associated leak. In the
United States, the GERD population is enormous, with at
least 20 million PPI prescriptions written per year [56]. Such
a large population cannot logistically be screened by the
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existing number of endoscopists, even if it were financially
acceptable to do so. A patient with GERD without any
mucosal damage or even mild esophagitis does not have a
significantly increased cancer risk and can certainly have
their symptoms treated by simply PPI therapy. However, the
patient with GERD with BE has a 50-fold increased risk of
cancer. A screening test that is safe, simple, and inexpensive
may be valuable in that regard. The 90% 5-year mortality
rate of esophageal adenocarcinoma suggests that one should
not simply treat BE patients’ GERD symptoms with PPI
therapy without regard to a screening endoscopy program.
However, only 10% of first time presenting GERD patients
may in fact have BE, and it would be economically valuable
to know overall who does not need endoscopic examination.
A sucrose leak test would never take the place of endoscopy
but it may have utility as a screening tool to determine
those in greatest need of endoscopy or in populations
without access to endoscopy. The issue of sensitivity and
specificity of this leak phenomenon as a possible future
screening tool clearly needs to be addressed in a future study
with increased numbers of subjects. An expanded study
should indicate whether Barrett’s with known dysplasia
evidences greater leak than Barrett’s without detected
dysplasia, a finding that may be useful for risk assessment
within BE.

A recent report concerning immunohistochemical detec-
tion of claudin proteins in BE [57] observed similar and
dissimilar findings to the Western immunoblot data pre-
sented in this study. As shown by our data, claudin-3 was
much more evident in BE, being nondetectable in normal
esophageal mucosa. However, where we observed sharply
less claudin-1 and claudin-4 in BE than in normal esophagus,
their group observed moderate increases of claudin-1 prod-
uct. Also unlike our results, they did observe staining product
for claudin-2 in normal esophagus, and this was lower in BE.
However, the claudin-2 staining product in normal esophagus
was sometimes found intracytoplasmically and was gener-
ally granular. Our two groups both obtained claudin anti-
bodies from Zymed, Inc., so differences in antibodies used
is not the reason. The major, obvious difference is detection
of claudins by Western immunoblot of cell homogenates vs.
immunofluorescence of formalin-fixed samples. In this dif-
ference there is opportunity for differences in epitope recog-
nition. Furthermore immunofluorescence shows recognition
sites, but unlike Western immunoblot, cannot (by use of
molecular weight standards) assign reaction product to a
particular protein of interest.

The Western immunoblot data presented in Fig. 4 clearly
shows that the TJs in Barrett’s metaplasia are extremely
different structurally from the TJs of normal esophageal
mucosa. This suggests that permeability of the paracellular
pathway in Barrett’s metaplasia would be different from the
paracellular permeability in normal esophagus, resulting in
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different barrier capacities for these two different epithelial
tissues.
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