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Abstract
AIM: To determine if the observed paracellular sucrose 
leak in Barrett’s esophagus patients is due to their pro-
ton pump inhibitor (PPI) use.

METHODS: The in vivo  sucrose permeability test was 
administered to healthy controls, to Barrett’s patients 
and to non-Barrett’s patients on continuous PPI thera-
py. Degree of leak was tested for correlation with pres-
ence of Barrett’s, use of PPIs, and length of Barrett’s 
segment and duration of PPI use.

RESULTS: Barrett’s patients manifested a near 3-fold 
greater, upper gastrointestinal sucrose leak than 
healthy controls. A decrease of sucrose leak was ob-
served in Barrett’s patients who ceased PPI use for 7 d. 

Although initial introduction of PPI use (in a PPI-naïve 
population) results in dramatic increase in sucrose leak, 
long-term, continuous PPI use manifested a slow spon-
taneous decline in leak. The sucrose leak observed in 
Barrett’s patients showed no correlation to the amount 
of Barrett’s tissue present in the esophagus.

CONCLUSION: Although future research is needed 
to determine the degree of paracellular leak in actual 
Barrett’s mucosa, the relatively high degree of leak ob-
served with in vivo  sucrose permeability measurement 
of Barrett’s patients reflects their PPI use and not their 
Barrett’s tissue per se .
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INTRODUCTION
The sucrose permeability test is designed to measure para-
cellular (non-transcellular) leak of  sucrose from the lumen 

BRIEF ARTICLE

Online Submissions: http://www.wjgnet.com/1007-9327office
wjg@wjgnet.com
doi:10.3748/wjg.v18.i22.2793

2793 June 14, 2012|Volume 18|Issue 22|WJG|www.wjgnet.com

World J Gastroenterol  2012 June 14; 18(22): 2793-2797
 ISSN 1007-9327 (print)  ISSN 2219-2840 (online)

© 2012 Baishideng. All rights reserved.



of  the upper gastrointestinal (GI) tract into the vasculature 
because sucrose is markedly hydrophilic and lacks any sig-
nificant affinity for any carbohydrate transport proteins on 
the cell surface[1]. Moreover sucrose is destroyed enzymati-
cally in the duodenum, and ceases to exist as a disaccharide 
after the early-mid portion of  the small bowel. Sucrose leak 
would therefore be detected only while the probe (sucrose) 
still exists chemically in the upper GI lumen. This limits 
potential sites of  leak to the esophageal, gastric and early 
intestinal mucosa. However, considerations of  surface area 
and contact time (after oral consumption of  the sucrose) 
argue that the sucrose permeability test results reflect pri-
marily the gastroduodenal mucosa and less so the esopha-
geal mucosa which has the smallest surface area (no villi or 
folds-except in Barrett’s) and the shortest contact time. 

Still, Barrett’s patients are believed not to have a his-
tological mucosal defect other than in the esophagus. 
Therefore when in previous work our group published 
that patients with a known diagnosis of  Barrett’s esopha-
gus (BE) manifested a greater magnitude of  transepitheli-
al sucrose leak across the upper gastrointestinal tract than 
that seen in healthy control subjects, the strong difference 
was ascribed to the presence of  Barrett’s metaplasia in 
these patients[2]. In other words, a transepithelial leak was 
presumed to exist in the Barrett’s metaplasia. 

In this current work we revisited that conclusion by 
asking whether considerations other than the simple 
presence of  Barrett’s metaplasia were the reason for the 
increased leak observed in BE patients. Aside from the 
presence of  Barrett’s tissue, the foremost distinction 
about BE patients is their chronic, long-term use of  acid 
suppression medications, most notably proton pump 
inhibitors (PPIs). We therefore posed the question of  
whether the leak we observed in BE patients was trace-
able to their regular use of  PPI medications or to the 
presence of  Barrett’s metaplasia. Results indicated that 
the observed leak is due to PPI use by these patients. 

MATERIALS AND METHODS
Study population
Patients with a prior known history of  Barrett’s esophagus 
or healthy controls with no current or history of  upper 
GI disease were recruited by a gastroenterologist in a ter-
tiary care teaching hospital bordering the suburbs of  Phil-
adelphia, PA. Diagnosis of  BE was made by endoscopic 
exam and only after biopsies were documented to possess 
goblet cell metaplasia. All enrolled subjects gave informed 
consent and the study was approved by the Main Line 
Hospitals Institutional Review Board committee. 

Test subjects were recruited without regard to gender 
or ethnicity. Exclusion criteria were: diabetes mellitus, 
steroid use, prior gastric or esophageal surgery, age < 18 
years, current GI bleeding, weight loss, intractable nausea 
and vomiting or renal insufficiency. PPI use comprised 
omeprazole, esomeprazole, lansoprazole, pantoprazole 
and rabeprazole.

Sucrose permeability testing
All test subjects consumed in their homes a chilled solution 
of  100 g of  sucrose in 200 cc of  water containing 5 g of  a 
citric acid-based flavoring agent at bedtime. An 8 h (over-
night) urine sample was collected in a container with 5 mL 
of  10% thymol in isopropanol and mixed. For patients un-
dergoing upper endoscopic examination, the sucrose per-
meability test was performed either before the procedure 
or at least two weeks later to avoid potential effects of  en-
doscope trauma on epithelial barrier tissue. The total urine 
volume was measured and recorded. The concentration of  
sucrose in the urine sample was then measured by an enzy-
matic/spectrophotometric assay after prior desalting of  the 
urine sample by anion and cation exchange resins[3]. The to-
tal amount of  sucrose in the urine in mg was determined by 
multiplying the urine volume in mL by the sucrose concen-
tration in mg/mL. This equates to the amount of  sucrose 
which leaked out of  the upper GI lumen.

Test subjects were instructed to refrain from solid 
food for at least 2 h prior to the sucrose permeability test 
and 8 h after testing. Specific foods were however not 
prohibited. Test subjects were also instructed to refrain 
from alcohol or non-steroidal anti-inflammatory medica-
tions for 24 h prior to testing and for 8 h after testing. 
Brushing teeth or flossing was proscribed before testing 
and until at least 20 min after testing. 

Statistical analysis
Data are reported throughout as the mean + SE. Experi-
mental and control groups are compared throughout by 
unpaired Student’s t tests, with statistical significance be-
ing ascribed when P < 0.05.

RESULTS
Sucrose permeability testing was conducted on 19 pa-
tients, 9 carrying a diagnosis of  BE and 10 being healthy 
controls. The 9 BE patients were on PPI therapy at the 
time of  their testing while the healthy controls were re-
ceiving no acid-suppressive medication. As was shown in 
previous studies from our group[2], a significantly greater 
sucrose leak was observed in the BE patients (345.9 ± 
59.6 mg) compared to the healthy controls (124.7 ± 26.9 
mg) (Figure 1). This difference was statistically signifi-
cant with a P < 0.003. Following this confirmation of  an 
increased transepithelial sucrose leak in BE patients, the 
etiology of  the leak (as a result of  BE itself  or of  PPI 
use) was pursued.

First, a second group of  BE patients was studied to 
evaluate the effect of  cessation of  their PPI therapy on 
their observed sucrose leak. Thirty-eight BE patients un-
derwent sucrose permeability testing while on a continu-
ous PPI regimen. They then performed a second sucrose 
permeability test after having stopped their PPIs for 7 d, 
in order to look for any change in observed leak. Patients 
were allowed to consume antacid medications during 
this period but not PPIs or H-2 receptor antagonists. 
Any patients reporting very difficult reflux symptoms 

2794 June 14, 2012|Volume 18|Issue 22|WJG|www.wjgnet.com

Farrell C et al . PPIs and upper GI leak in Barrett's patients



were allowed to leave the study. The mean sucrose leak 
decreased by approximately 30% from 155.4 ± 40.8 mg 
to 109.5 ± 15.3 mg after PPI medications were temporar-
ily stopped for this 7 d period (Figure 2). These findings 
were however not statistically significant, with a P = 0.283 
(paired Student’s t-test). As before, a high SE was found 
for patients on PPI therapy, indicating a considerable 
amount of  variability. The sucrose leak observed in the 
BE patients after their PPIs were discontinued for 7 d 
decreased to nearly the same level observed in Figure 1 
for healthy controls not taking PPIs. 

Since BE exists in a wide range of  segment lengths, 
and a (passive diffusion) transepithelial leak due specifi-
cally to Barrett’s metaplasia should correlate with the 
surface area of  the Barrett’s metaplasia, we investigated 
whether sucrose leak in the Barrett’s patients correlated 
with length of  segment of  the Barrett’s tissue. Endoscop-
ically, characteristic findings of  reddish/velvety Barrett’
s mucosa are defined as short segment BE if  < 3 cm and 
long segment BE if  ≥ 3 cm in length. Data from 49 BE 
patients were examined. Greater leak was not observed 
in patients with long-segment Barrett’s. Mean leak was 
actually greater in short-segment Barrett’s (209 vs 148.9). 
Analysis of  sucrose leak between the two segment groups 
showed similar medians of  130.5 ± 40.4 mg (short) and 
121.0 ± 21.4 mg (long) (P = 0.36) with no statistically sig-
nificant difference between them. 

Due to the magnitude of  sucrose leak variability that 
we observed among patients (especially among patients 
on PPIs), other potential confounding sources of  vari-
ability were explored. First, the issue of  potential ef-
fect of  duration of  PPI use on observed transepithelial 
sucrose leak was investigated. In a non-BE population 
taking PPIs on a regular, long-term basis (gastroesopha-
geal reflux disease patients not known to have Barrett’s), 
the sucrose leak was found to vary as a function of  the 
duration of  PPI use. Specifically, the magnitude of  leak 
correlated inversely with the length of  time on PPI medi-

cations (Figure 3A). A statistically significant difference in 
leak was observed in patients on PPIs for < 3 mo (336.9 
± 53.8 mg) in comparison to those on PPIs for 3 mo to 
25 years (135.4 ± 22.8 mg) (P < 0.0003; Figure 3B). The 
PPI-induced leak thus appeared to exhibit tachyphylaxis, 
and this would lead to wider observed variation in leak 
data if  one did not correct for duration of  PPI therapy.

Discontinuation of  long-term PPI use followed by 
resumption of  PPIs did not result in re-induction of  
leak. In a separate group of  14 patients on long-term 
PPI therapy, PPI use was discontinued for 7 d, and was 
then reinstituted. Sucrose permeability testing was again 
utilized to assess upper gastrointestinal leak 7 d after 
resumption of  PPI use. A significant leak did not re-
occur in these patients who had previously been on long-
term PPI treatment (Table 1). This is in sharp contrast 
to patients taking PPIs for the first time, where induced 
sucrose leak is substantial[3]. 

DISCUSSION
When our clinical studies with Barrett’s patients were be-
gun in 2005, we did not anticipate increased barrier leak 
being induced by PPIs. In fact, the opposite was expected 
due to PPIs’ documented ability to allow for mucosal 
(both gastric and esophageal) healing from inflammation 
and micro-ulceration by means of  suppression of  acid 
secretion and subsequent elevation of  the pH of  gastric 
luminal contents. Therefore when we first noted a trans-
mucosal leak in BE patients we ascribed the observed 
leak to the presence of  Barrett’s metaplasia, as BE pa-
tients typically do not have other upper GI pathology[2]. 
When we later observed that Barrett’s patients’ transmu-
cosal sucrose leak did not correlate with the length of  
the Barrett’s segment and the surface area of  the Barrett’s 
metaplasia, we began to question if  the source of  the leak 
was in fact the metaplasia. We realized that PPI medica-
tions were the other common characteristic-in addition to 
the metaplasia itself-of  all the Barrett’s patients studied. 
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Figure 1  Results of sucrose permeability studies showing a significant 
difference in sucrose leak in patients with Barrett’s esophagus (and tak-
ing proton pump inhibitors) compared to healthy controls. Data represents 
the mean ± SE. P < 0.003 (Student’s t test). SE: Standard error.
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Figure 2  Sucrose leak among Barrett’s esophagus patients after discon-
tinuation of proton pump inhibitors for 7 d. Data represents the mean ± SE. 
P = 0.28 (n = 38). SE: Standard error; PPI: Proton pump inhibitor.
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tissue. This could be difficult to perform since the major 
source of  Barrett’s tissue that is large enough in surface 
area for typical Ussing studies is esophagectomy surgery 
for adenocarcinoma. Here, adjacent Barrett’s tissue may 
be available but it can be considerably modified/elimi-
nated by radiation and chemotherapy prior to surgery, 
which is now a current, common practice in esophageal 
adenocarcinoma management. This is therefore clearly 
a situation where Ussing studies using Barrett’s biopsy 
tissue (readily available through upper endoscopic screen-
ing) would be highly useful[8-10].

An unanswered question from our earlier study on 
sucrose leak in Barrett’s patients is that not only was su-
crose leak in Barrett’s patients significantly greater than 
sucrose leak in healthy controls, but it was also greater 
than the leak measured in patients with chronic gastro-
esophageal reflux disease (GERD)[1]. As both GERD and 
Barrett’s patient groups would be receiving PPI therapy, it 
is unclear why leak in the Barrett’s group would be quan-
titatively and significantly different if  PPIs were the cause 
of  leak in both patient groups. One possible explanation 
is that our patient population happened to be too small in 
the earlier study to get a fully accurate representation, and 
that sucrose permeability testing can carry intrinsically 
high variability, being affected by certain dietary constitu-
ents as well as certain over-the-counter drugs such as 
aspirin[11-13]. 

The sucrose leak that we observed in the Barrett’s 
cohort, or any of  our patient groups taking PPIs, was not 
only high in absolute value but was associated with a large 
variance and high standard error of  the mean. This led us 
to examine whether the PPI-induced leak was stable over 
time, since the length of  the duration on PPI therapy was 
a frequent variable in our studies. As shown in Figure 3, 
the effect of  PPIs on leak is indeed not stable over time, 
but in fact decreases over long-term PPI use. In contrast, 
a similar tachyphylactic aspect to PPI activity has not 
been observed for PPI-inhibition of  acid secretion[14]. 
The inability of  PPIs to induce a major transmucosal, 
molecular leak (> 200 mg of  sucrose in the described 
test) after long-term PPI use has been interrupted for 
7 full days, suggests that long-term PPI use has caused 
modification of  intracellular signaling pathways and/or 
cell/tissue structural aspects that mitigate against reintro-
duction of  leak.

We then began a series of  clinical studies to ask whe
ther PPIs in fact could induce upper GI leak in healthy 
controls free of  upper GI disease, and found that PPIs in-
deed have this effect[3]. We further explored that phenom-
enon in an animal model (Sprague Dawley rat), observing 
that exposure of  rat gastric corpus to omeprazole can lead 
to an immediate increase in transmucosal permeability 
which is bidirectional, concentration-dependent and size-
specific[4-6]. This work confirmed the earlier findings by 
Hopkins et al[7] that omeprazole induced leak to 14C-man-
nitol in rat gastric corpus. These previous findings togeth-
er with our current observation (that the sucrose leak seen 
in Barrett’s patients decreases when their PPI medications 
are discontinued) suggests that PPI use, not the presence 
of  BE per se, is the cause of  the upper GI leak seen in BE 
patients.

Note however that this still does not address whether 
Barrett’s epithelium is or is not paracellularly leaky. It 
simply means that the clinical, in vivo, sucrose permeabil-
ity test which is employed here is reflecting the effects of  
PPIs on upper GI barrier function. To determine wheth-
er Barrett’s metaplasia is leaky will likely require Ussing 
chamber-type permeability studies with actual Barrett’s 
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Table 1  Sucrose leak in Barrett's patients as a function of 
proton pump inhibitor use

On PPIs 7 d off PPIs 7 d after PPI resumption

Median    87.8  101.9   63.0
mean ± SE 116.6 ± 16.5 142.7 ± 34.2 101.5 ± 21.0

Sucrose leak in Barrett’s esophagus patients (n = 14) on proton pump 
inhibitors (PPIs), following 7 d off PPIs, and after the reintroduction of 
PPIs for 7 d. The acute leak phenomenon observed in previous studies 
in PPI naїve patients is not seen with resumption of PPIs after 7 d. A 
statistical significance in sucrose leak is not demonstrated among the 
different groups (on PPIs vs off PPIs P = 0.497, off PPIs vs back on PPIs P 
= 0.323, on PPIs vs back on PPIs P = 0.574). SE: Standard error.
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In summary, sucrose leak observed in Barrett’s esoph-
agus patients appears to be due to the use of  PPIs by 
these patients, not due to their Barrett’s metaplasia. This 
PPI-induced upper GI leak appears to diminish during 
long-term PPI therapy. After long-term use of  PPIs, leak 
is difficult to re-induce even after short interruption of  
PPI therapy. Finally, variability associated with sucrose 
permeability testing in a clinical population may necessi-
tate use of  relatively large patient groups to support one’s 
conclusions.
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COMMENTS
Background
In earlier work, the research group has shown that Barrett’s esophagus (BE) 
patients manifest a barrier leak to the paracellular probe, sucrose, in their up-
per gastrointestinal tract. This phenomenon could be due to a molecular-level 
leak in the Barrett’s metaplasia, or to some other aspect of the Barrett’s patient 
cohort. This study was an attempt to determine if the common medication of all 
BE patients, proton pump inhibitors (PPIs), is responsible for the phenomenon.
Innovations and breakthroughs
The phenomenon of PPI-induced gastric barrier leak is certainly an unexpected 
side-effect of PPI therapy. The mechanism for the phenomenon remains un-
known. More importantly, the clinical implications of the phenomenon are as yet 
poorly understood. 
Applications
If one adopts a stance that a PPI-induced gastric barrier leak is clinically 
benign, it is possible that the phenomenon could be useful in drug delivery. 
However a greater understanding of the characteristics of the leak are needed 
(what can actually permeate through the leak), as well as a full realization of the 
clinical implications (if any). These could range from localized inflammation to 
altered kinetics of uptake of other (oral) medications into the bloodstream.
Terminology
Barrier function refers here to the ability of the gastric mucosa to separate the 
stomach luminal compartment from interstitial fluid and bloodstream. Barrier 
leak can result from either injured/dying/detaching epithelia or altered (and 
leaky) epithelial tight junctions.
Peer review
This study found that BE manifested a greater magnitude of transepithelial su-
crose leak across the upper gastrointestinal tract than that seen in healthy con-

trol subjects, previously. In the present study, they determined if the observed 
paracellular sucrose leak in BE patients is due to their proton pump inhibitors 
use. This subject is a new topic in the research area and may contribute to the 
literature. 
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