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Abstract
Background Obesity has been associated with impaired intestinal barrier function. It is not known whether bariatric surgery
leads to changes in intestinal barrier function. We hypothesized that obesity is associated with disturbances in gastro-
intestinal barrier function, and that after bariatric surgery barrier function will improve.
Methods Prospective single center study in which we assessed segmental gut permeability by urinary recovery of a
multisugar drink in 27 morbidly obese (BMI 43.3 ± 1.1 kg/m2) and 27 age and gender matched lean subjects (BMI 22.9 ±
0.43 kg/m2). Fecal calprotectin, SCFAs, plasma cytokines, and hsCRP were assessed as inflammatory and metabolic
markers. Comparisons: (a) morbidly obese subjects vs. controls and (b) 2 and 6 months postsleeve vs. presleeve gastrectomy
(n= 14). In another group of 10 morbidly obese and 11 matched lean subjects colonic and ileal biopsies were obtained in
order to measure gene transcription of tight junction proteins.
Results Gastroduodenal permeability (urinary sucrose recovery) was significantly increased in obese vs. lean controls (p <
0.05). Small intestinal and colonic permeability (urinary recovery of lactulose/L-rhamnose and sucralose/erythritol,
respectively) in obese subjects were not significantly different from controls. Morbidly obese subjects had a proinflammatory
systemic and intestinal profile compared with lean subjects. After sleeve gastrectomy BMI decreased significantly (p <
0.001). Postsleeve gastroduodenal permeability normalized to values that do not differ from lean controls.
Conclusions Gastroduodenal permeability, but not small intestinal or colonic permeability, is significantly increased in
morbidly obese patients. After sleeve gastrectomy, gastroduodenal permeability normalized to values in the range of lean
controls. Thus, the proximal gastrointestinal barrier is compromised in morbid obesity and is associated with a proin-
flammatory intestinal and systemic profile.

Introduction

Obesity is rapidly increasing worldwide, leading to sig-
nificant impairments in health status with serious comor-
bidities. Up to now, bariatric surgery has been the only
therapy for morbid obesity with consistent beneficial long-
term results [1].
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Several studies have pointed to changes in gastro-
intestinal function, especially in intestinal barrier function in
obesity. Indeed, impairment of the intestinal barrier has
been observed in patients with morbid obesity and was
found to be associated with an increased inflammatory
response in the systemic compartment [2–5].

Bariatric surgery, either via a restrictive procedure
(sleeve gastrectomy) or via a combined restrictive+
malabsorptive procedure (Roux-Y Gastric Bypass; RYGB),
is very effective in long-term weight management [1, 6]. Up
to now, little is known on the effect of bariatric surgery on
disturbed intestinal barrier function in morbid obesity.

The present study was undertaken to study in more detail
intestinal barrier function in morbidly obese subjects in
comparison with age and sex matched lean controls. Sec-
ondly, the morbidly obese patients were prospectively fol-
lowed with measurements before and after restrictive
bariatric surgery. Before and at 2 and 6 months after
laparoscopic sleeve gastrectomy, tests for intestinal barrier
function were performed. We evaluated several aspects of
intestinal barrier and metabolic function: (1) whole gut and
site-specific permeability, (2) inflammatory processes, both
at local level (human beta defensin-2, calprotectin) and
systemic level (plasma cytokines), (3) tight junction pro-
teins (mRNA expression and immunohistochemistry) in
biopsies, (4) intestinal metabolism (fecal short-chain fatty
acids (SCFAs) concentrations), and (5) small intestinal
functional enterocyte mass (plasma citrulline) and intestinal
endocrine cell mass (fecal chromogranin A (CgA)).

We hypothesized that epithelial barrier function is mildly
disturbed in subjects with morbid obesity and that bariatric
surgery, due to weight loss, will restore intestinal barrier
function to conditions not different from lean controls.

Materials and methods

This study was part of a larger prospective single center
open study to evaluate epithelial barrier function, inflam-
mation and gut microbiota composition in morbidly obese
subjects vs. lean controls and to evaluate the effect of bar-
iatric surgery on above-mentioned parameters. Gut micro-
biota profiling is a research topic separate from the
present study.

Patients were considered candidate for bariatric surgery,
when aged 18–65 years, with body mass index (BMI) >
35 kg/m2 and comorbidities or with BMI > 40 kg/m2.
Exclusion criteria were severe cardiovascular, respiratory,
hematological, immunological, neurological or psychiatric
diseases or previous major abdominal surgery. Patients with
gastrointestinal or hepatic disorders influencing gastro-
intestinal absorption or transit were excluded. Other
exclusion criteria were alcohol consumption >20 units/

week, eating disorders (all candidates for bariatric surgery
were screened by a psychologist to exclude eating dis-
orders), pregnancy, lactation, or recent use of antibiotics
(<4 weeks). Patients were asked to participate in this study
when visiting the outpatient department of surgery before
surgery was planned. Healthy controls were recruited by
poster advertisement. All subjects were informed to
undergo a gut barrier function test and the withdrawal of
blood samples and collection of stool samples in order to
investigate barrier function and inflammation. The posters
were presented at public places within the University of
Maastricht campus, Maastricht University Medical Centre
and Catharina Hospital Eindhoven.

Informed consent was obtained from each individual.
The study protocol had been approved by Ethics Committee
of the Catharina Hospital Medical Centre and the study was
executed according to the revised Declaration of Helsinki
(59th general assembly of the WMA, Seoul, South Korea,
Oct. 2008).

Each morbidly obese subject was tested within an
interval of 2 months—2 weeks prior to bariatric surgery and
at 2 and at 6 months after surgery. In the morbidly obese
subjects, a low caloric diet was prescribed 2 weeks prior to
surgery. All baseline measurements had been performed
before this diet was initiated. Weight, BMI, and weight loss
were assessed during each test day in the obese group. On
these test days gut permeability was measured, blood
samples were drawn and fecal samples were collected.

Gut permeability test

The test we employed has been validated [7], and pre-
viously described by our group. In short, a sugar drink (in
100 mL tap water) containing 1 g sucrose (Van Gilse
automatensuiker, Albert Heijn, Maastricht, the Nether-
lands), 1 g lactulose (Centrafarm Services, Etten-Leur, the
Netherlands), 0.5 g L-rhamnose (Danisco Sweeteners,
Thomson, Illinois, USA), 1 g sucralose (Tate and Lyle
Sucralose Inc. Reading Great Britain) and 1 g erythritol
(Cargill Nederland BV, Schiphol, the Netherlands) was
ingested after an overnight fast. During the first 5 h of the
test, ingestion of other food and drinks, except water, was
not allowed.

All subjects were asked to collect urine for 24 h after
ingesting the sugar drink. The urine output during the first
5 h was collected separately to assess small bowel perme-
ability. In healthy control subjects, the gut permeability test
was performed once.

All sugar probes used in this test are accepted and vali-
dated parameters of integrity of the intestinal barrier
throughout the gut. Urine samples were obtained to measure
sugar recovery. Urine aliquots were collected and stored at
−80 °C until analysis. Sucrose, lactulose, L-rhamnose,
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sucralose, and erythritol were determined by fluorescent
detection high-pressure liquid chromatography (HPLC).
Sucrose excretion was used to calculate gastroduodenal
permeability. The excretion ratio of lactulose/L-rhamnose
(L/R) was used to calculate small bowel permeability. The
ratio of sucralose/erythritol (S/E) was used to calculate large
bowel permeability.

Blood and stool samples

Blood and stool samples were collected before, at 2 months,
and at 6 months after surgery. From the healthy controls
only one blood and one stool sample was collected. The
blood samples were centrifuged at 3000 rpm at 4 °C. The
supernatant was stored at −80 °C until further analysis. All
stool samples were stored at −80 °C until analysis.

Plasma cytokines were determined as makers for sys-
temic inflammation. Plasma IL-1β, IL-6, IL-8, IL-10, IL-
12p70, and TNF-α, were measured by ProcartaPlexTM

multiplex immunoassay (eBioscience, USA).
High sensitivity-CRP (hsCRP) was measured on Cobas

8000 (Roche Diagnostics, Indianapolis, USA) using a latex
particle-enhanced immunoturbidimetric assay following the
manufacturer’s instructions. The measuring range for this
assay is 0.15–20 mg/dL. Plasma citrulline, a marker of
functional enterocyte mass of the small bowel, was mea-
sured to detect changes in enterocyte mass over time after
bariatric surgery, and measured by HPLC [8].

Fecal human β-defensin 2, a human antimicrobial
peptide produced by intestinal epithelial cells in response
to (pathogenic) bacteria, was measured in stool as an
indicator of host defense against microbes by enzyme-
linked immunosorbent assay (ELISA, Immunodiagnostik
AG, Germany).

Fecal chromogranin A (CgA), was measured as indicator of
intestinal neuroendocrine cell activity. This peptide is pro-
duced by enterochromaffin cells and is co-localized in storage
granules with serotonin. It was measured using a commercial
radioimmunoassay (Euro-Diagnostica, Sweden) [9].

SCFAs, i.e., acetate, propionate, butyrate, valerate, and
caproate, are products of microbial fermentation of non-
digested oligosaccharides in the colon and were selected as
indicators of gut intraluminal metabolic activity. SCFAs are
an important energy source for colonocytes in humans and
have been associated with various beneficial effects related
to modulation of inflammation, carcinogenesis, etc [10].
Gas chromatography–mass spectrometry (GC–MS), a
method previously described by Garciá-Villalba et al. was
used to measure fecal SCFAs.

Fecal calprotectin was measured by ELISA (Bühlmann
Laboratories, Switzerland) as indicator of intestinal
inflammation, proportional to neutrophil migration towards
the intestinal tract.

Colonic and distal ileal biopsies

In a separate group of ten morbidly obese, otherwise heal-
thy, subjects (BMI > 35 kg/m2) and 11 lean subjects mat-
ched for age and gender with a stable bodyweight for
3 months were included in this second study. The morbidly
obese and control subjects underwent colonoscopy either
for surveillance or for diagnostic purposes at the
Gastroenterology-Hepatology department of the Catharina
Hospital in Eindhoven. Starting from 2 days before colo-
noscopy subjects were asked to follow a fiber restricted diet.
In the interval of 8–12 h before the colonoscopy subjects
had to drink a bowel preparation solution consisting of
macrogol (either Klean Prep or Moviprep, Norgine B.V.,
Amsterdam, The Netherlands) and in this time interval
subjects were asked to refrain from food intake. Dietary
restrictions and bowel preparations were identical in both
groups. During colonoscopy (with or without conscious
sedation with midazolam), eight biopsies were taken at
standardized locations: four biopsies in the ascending colon
(5–10 cm distal from the ileocecal valve) and four biopsies
in the terminal ileum using a standard biopsy forceps. After
tissue sampling, tissue samples were snap-frozen in liquid
nitrogen and stored at −80 °C until analysis.

Gene transcription of tight junction proteins

Gene transcription of tight junctions (TJ) and associated
proteins, i.e., occludin, claudin-3, claudin-4, zonula occlu-
dens 1 (ZO-1), and myosin light-chain kinase (MLCK) were
determined in mucosal biopsies. Nucleic acid extraction and
purification, RNA isolation, reverse transcription and
quantitative real-time polymerase chain reaction were per-
formed as previously described [11, 12].

Data were presented as normalized expression ratios i.e.,
expression of target genes normalized to reference gene
glyceraldehyde-3-phosphate dehydrogenase.

Statistical considerations

Data on gut permeability in obesity are scarce and incon-
clusive. Therefore the sample size calculation of the primary
outcome (i.e., intestinal permeability in vivo) was based on
the effect size of indomethacin on urinary L/R excretion
ratio [13]. With a difference in means of 0.018, power of
0.80, standard deviation of 0.02 and α of 0.05, the minimum
sample size is 20 subjects for obese patients and for healthy
control subjects. However, we decided to include 27 obese
patients and 27 healthy controls, considering possible drop-
outs after inclusion.

Data were statistically analyzed using Graphpad Prism
6.0. A p value of p < 0.05 was considered as statistically
significant. Results were expressed as median ± range. The
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following statistical tests were used: repeated measures
analysis of variance and Friedman test (nonparametric) in
completers, Mann Whitney and unpaired t-test comparing
lean and morbidly obese subjects, and Pearson correla-
tions. Gene transcription p values were corrected for
multiple testing by the false-discovery-rate (FDR) of
Benjamini–Hochberg.

Results

Subjects

A total of 27 morbidly obese subjects (BMI 43.3 ± 1.08 kg/m2)
and 27 lean (BMI 22.9 ± 0.43 kg/m2) age and gender mat-
ched subjects participated in the baseline valuation. From
this group a subgroup of 14 morbidly obese subjects (BMI
45.4 ± 6.2 kg/m2) was also willing to participate in post-
operative follow-up. Baseline characteristics (BMI, weight
loss, age, and gender) did not differ between the initial 27
morbidly obese subjects and the 14 morbidly obese subjects
in the repeated measurements. The subgroup underwent
three tests: one test preoperatively (baseline) and two tests
postoperatively, at 2 and at 6 months, respectively. Sig-
nificant weight loss was observed after the bariatric proce-
dure. BMI decreased significantly from 45.4 ± 6.2 kg/m2 to
38.7 ± 5.8 kg/m2 after 2 months (p < 0.001) and to 34.3 ±
5.3 kg/m2 (p= 0.001 vs. baseline) at 6 months after surgery.
After 12 months BMI was 32.5 ± 4.7 kg/m2

(p < 0.001).

Gut permeability

Gastroduodenal permeability (sucrose) was significantly
increased in morbidly obese subjects vs. lean controls. The
5-h urinary sucrose recovery was 0.51% [0.01–5.14] vs.
0.20% [0.02–2.35], respectively, (p < 0.05), as depicted in
Fig. 1. In the 14 subjects in whom permeability data were
available both before and 2 and 6 months after the surgical
procedure, gastroduodenal permeability (sucrose) decreased
to values not significantly different from controls. However,
within the group of morbidly obese subjects the reduction
was not statistically significant (p= 0.09), as depicted in
Table 1.

In morbidly obese subjects neither small intestinal nor
colonic permeability, as assessed by 5-h urinary recovery of
lactulose and L-rhamnose, and by the 24-h urinary recovery
of sucralose and erythritol, respectively, were significantly
different from controls.

In the postoperative state, L/R ratio was significantly (p
< 0.05) increased 6 months after sleeve gastrectomy com-
pared with preoperative values (Table 1). Colonic perme-
ability (S/E ratio) did not significantly change 2 and
6 months following surgery compared with baseline
although erythritol excretion at 2 months after surgery was
significant different compared with baseline (Table 1).

Biomarkers in plasma

Baseline plasma citrulline concentration was significantly
(p < 0.0001) lower in the morbidly obese (median 27.9
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and obese subjects, as assessed
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are presented as scatter plots
with medians.
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[13.5–51.9] µmol/L) vs. the lean subjects (median 40.7
[28.2–62.0] µmol/L). No significant change over time was
observed in the morbidly obese subjects 2 and 6 months
after sleeve gastrectomy compared with baseline (respec-
tively 30.6 [23.0–36.3] µmol/L after 2 months and 28.5
[21.3–40.4] µmol/L after 6 months).

Plasma hsCRP was significantly higher in morbidly obese
subjects vs. controls (Table 2) and hsCRP values decreased
significantly 6 months after sleeve gastrectomy (p < 0.002;
Table 3). Plasma TNF-α was significantly higher in morbidly
obese subjects compared with lean subjects: median 5.36
[0.08–9.56] µmol/L vs. median 0.08 [0.08–9.56] µmol/L,
respectively (Table 2). Plasma TNF-α did not change sig-
nificantly after surgery. IL-6 and IL-10/12 ratio were sig-
nificantly lower in morbidly obese vs. lean subjects but these
parameters did not change after bariatric surgery.

Fecal markers

Fecal calprotectin levels were low, both in controls and in
morbidly obese subjects (Table 2). However, fecal calpro-
tectin levels in morbidly obese were significantly higher
compared with lean subjects. After sleeve gastrectomy,
calprotectin levels increased significantly (p < 0.05) over
baseline in the morbidly obese subjects (Table 3).

The other fecal parameters are listed in Table 4. Baseline
CgA, beta defensin, acetate, propionate, butyrate, and valerate
did not differ between lean and obese subjects. Neither did
total SCFAs concentration and ratios (e.g., butyrate/total
SCFA ratio, proprionate/total SCFA, or acetate/total SCFA
differ between lean and obese subjects. Apart from calpro-
tectin, no 2 and 6 months postsleeve gastrectomy data are
available for the other fecal parameters listed in Table 4.

Correlations

Correlation analyses of permeability parameters (sucrose
recovery, lactulose recovery, and sucralose recovery) with

BMI, fecal calprotectin and hsCRP were performed.
Sucrose recovery (r= 0.360, p= 0.008) and hsCRP (r=
0.685, p < 0.0001) were significantly correlated with BMI
as depicted in Fig. 2. Fecal calprotectin significantly cor-
related with sucrose recovery (r= 0.424, p= 0.003), but
not with lactulose recovery (r= 0.140, p= 0.349) or
sucralose recovery (r=−0.169, p= 0.250). No significant
correlation was found between hsCRP and permeability (all
p ≥ 0.236).

Tight junction gene expression in ileal and colon
biopsies

No significant differences in TJ gene expressions were
found between lean and morbidly obese in ileal biopsies
(Table 5). In colon biopsies MLCK, claudin-3, and claudin-
4 expression were significantly higher in morbidly obese
compared with lean subjects, both before and after FDR
correction for multiple testing. Gene expression of occludin

Table 1 Urinary recovery (%) of
sucrose, lactulose, rhamnose,
lactulose/rhamnose ratio,
sucralose, erythritol, and
sucralose/erythritol ratio before
and 2 and 6 months after sleeve
gastrectomy, as assessed by the
multi-sugar test. Data are
presented as medians [Q1–Q3
ranges].

Recovery (%) Baseline (n= 14) 2 months postoperative
(n= 14)

6 months postoperative
(n= 14)

p value

Sucrose 0.49 [0.035–5.13] 0.23 [0.01–1.67] 0.30 [0.02–1.15] ns

Lactulose 0.25 [0.19–1.47] 0.24 [0.002–0.74] 0.27 [0.11–0.52] ns

Rhamnose 10.13 [0.24–51.96] 6.84 [0.10–22.36] 8.03 [0.41–15.85] ns

L/R ratio 0.029 [0.016–0.091]a 0.053 [0.0004–0.13] 0.047 [0.036–0.13]a p < 0.05

Sucralose 1.52 [0.82–7.21] 1.51 [0.67–2.99] 1.06 [0.72–6.76] ns

Erythritol 28.6 [17.3–105.1]b 23.5 [2.0–32.4]b 23.4 [9.7–55.0] p < 0.05

S/E ratio 0.049 [0.03–0.11] 0.069 [0.009–0.11] 0.04 [0.007–0.12] ns

L/R= lactulose/rhamnose ratio, S/E= sucralose/erythritol ratio
ap < 0.05 6 months postoperatively vs. baseline
bp < 0.05 2 months postoperatively vs. baseline

Table 2 Levels of plasma and fecal inflammatory markers in lean and
morbidly obese subjects. Data are presented as medians [Q1–Q3
ranges].

Inflammatory
markers

Lean (n= 27) Obese (n= 27) p value

HsCRP (mg/L) 0.58 [0.17–5.15) 6.86 [0.08–16.6] p < 0.0001

IL-1 beta (pg/mL) 0.1 [0.1–2.58] 0.1 [0.1–1.84] 0.33

IL6 (pg/mL) 1.32 [0.87–2.063] 0.19 [0.19–1.54] 0.03

IL8 (pg/mL) 2.68 [1.6–3.63] 2.63 [1.85–3.37] 0.78

IL10 (pg/mL) 0.97 [0.85–1.05] 0.86 [0.69–1.03] 0.59

IL12 (pg/mL) 0.06 [0.06–2.36] 2.4 [0.06–2.89] 0.11

IL10/12 ratio 9.5 [0.43–16.6] 0.40 [0.32–10.1] 0.01

TNF (pg/mL) 0.08 [0.08–2.22] 5.36 [0.08–6.74) 0.004

Fecal calprotectin
(µg/g)

1.08 [0.65–3.40] 3.37 [1.17–9.38] 0.02
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and ZO-1 did not differ between lean and morbidly obese
subjects in colonic biopsies.

Discussion

We evaluated gastrointestinal barrier function in morbidly
obese subjects vs. controls and more closely analysed the
effect of sleeve gastrectomy on intestinal barrier function. In
morbidly obese subjects, gastroduodenal permeability was
significantly increased, but not small intestinal or colonic
permeability. Morbidly obese subjects were characterized
by a proinflammatory plasma and stool profile. The SCFA
metabolic profile was not different between morbidly obese

and lean subjects. After sleeve gastrectomy, gastroduodenal
permeability decreased to levels not different from lean
controls.

Gastroduodenal permeability, measured by urinary
sucrose recovery, was significantly increased in morbidly
obese subjects while small intestinal and colonic perme-
ability were not different from lean controls. Our data
confirm previous findings from Brignardello et al. [14] and
Carswell et al. [15] on small intestinal permeability in
which they found an increased proximal gut permeability in
morbidly obese subjects. Moreover, BMI was found to be
significantly correlated with sucrose recovery, supporting
this observation. After sleeve gastrectomy, gastroduodenal
permeability decreased to values no longer significantly
different from those found in lean controls.

Paracellular translocation of potential noxious substances
can lead to intestinal and/or systemic inflammation as
suggested by association studies in IBD [16–18].

We performed correlation analyses of paracellular per-
meability parameters (i.e., sucrose, lactulose, and sucralose
recovery) with intestinal (fecal calprotectin) and systemic
inflammation (hsCRP). Fecal calprotectin was significantly
correlated with sucrose recovery, but not with lactulose or
sucralose recovery. These observations show that intestinal
but not systemic inflammation is associated with increased
proximal permeability in obesity.

Urinary L/R ratio increased significantly 6 months after
sleeve gastrectomy. Assuming that permeability is affected
due to early postoperative changes (e.g., inflammation) a
rise would have been expected at 2 months (or earlier)
instead of 6 months post operatively. When analyzing
urinary recovery of individual sugars in more detail, it is
apparent that in the morbidly obese subjects, urinary
excretion of lactulose was not affected by sleeve

Table 3 Levels of plasma and
fecal inflammatory markers in
morbidly obese subjects before,
2 months after sleeve
gastrectomy, and 6 months after
sleeve gastrectomy. Data are
presented as medians [Q1–Q3
ranges].

Inflammatory
markers

Baseline (n= 14) 2 months postoperative
(n= 14)

6 months postoperative
(n= 14)

p value

IL-1 beta (pg/mL) 1.75 [0.10–1.84] 0.1 [0.10–0.10] 0.1 [0.10–0.10] ns

IL6 (pg/mL) 0.87 [0.19–1.54] 0.19 [0.19–1.54] 0.19 [0.19–0.53] ns

IL8 (pg/mL) 2.68 [1.99–3.52] 2.21 [1.78–3.38] 2.07 [1.60–2.93] ns

IL10 (pg/mL) 0.86 [0.69–0.97] 0.95 [0.69–1.03] 0.86 [0.52–1.18] ns

IL12 (pg/mL) 2.14 [1.34–3.08] 2.89 [1.62–2.89] 2.52 [1.63–2.89] ns

IL10/12 ratio 0.40 [0.31–2.32] 0.36 [0.27–1.82] 0.38 [0.23–1.67] ns

TNF (pg/mL) 6.74 [2.72–7.79] 5.36 [0.08–6.74] 0.08 [0.08–5.36] ns

HsCRP (mg/L) 7.21 [6.86–13.3] 7.9 [6.3–11.4]a 3.68 [1.68–4.48]b p < 0.002

Fecal calprotectin
(µg/g)

3.7 [2.0–9.3] 15.6 [13.5–19.8]c 10.7 [9.6–12.9]d p < 0.005

aBaseline vs. 2 months p= ns
b2 months vs. 6 months p < 0.05
cBaseline vs. 2 months p= 0.0001
d2 months vs. 6 months p < 0.0005

Table 4 Levels of fecal markers in lean and obese subjects. Data are
presented as medians [Q1–Q3 ranges].

Feces Lean (n= 27) Obese (n= 27) p value

Chromogranin A
(nmol/g)

10.9 [2.7–111.4] 13.3 [4.0–97.4] 0.82

Human β-defensin-
2 (ng/g)

22.4 [11.4–95.7] 30.2 [5.0–94.2] 0.56

Acetate (µmol/g) 32.0 [23.7–42.4] 36.5 [27.2–41.0] 0.73

Proprionate (µmol/g) 12.0 [7.9–14.4] 14.2 [11.0–19.0] 0.32

Butyrate (µmol/g) 9.7 [7.0–15.3] 13.7 [10.0–18.4] 0.13

Valerate (µmol/g) 2.2 [1.4–3.5] 3.6 [1.6–4.7] 0.38

Caproate (µmol/g) 0.66 [0.095–1.81] 0.5 [0.07–1.34] 0.55

Total SCFA (µmol/g) 70.2 [17–96.2] 56.2 [23.4–118] 0.31

Acetate/total ratio 0.54 [0.38–0.7] 0.55 [0.43–0.73] 0.32

Proprionate/
total ratio

0.21 [0.09–0.27] 0.20 [0.12–0.28] 0.42

Butyrate/total 0.19 [0.14–0.31] 0.18 [0.09–0.25] 0.60
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gastrectomy while L-rhamnose excretion decreased. Like-
wise, sucralose excretion was not affected by sleeve gas-
trectomy while erythritol excretion decreased. Thus, the
recovery of disaccharides (paracellular transport route) was
not affected while recovery of monosaccharides was
reduced (transcellular transport route) after sleeve gas-
trectomy. Structural differences exist between sleeve gas-
trectomy (stomach volume reduced to 15–20%, small
intestine unaltered although significant changes in gut
peptide secretion occur [19]) and RYGB (small stomach
pouch created and connected to a jejunal limb thereby
bypassing part of the proximal bowel: bile and pancreatic
juice flow are partially diverted from nutrient flow). Despite
these structural differences, Savassi-Rocha et al. have made
similar observations in patients after RYGB compared with
sleeve gastrectomy, with urinary lactulose excretion not
being affected 1 month after RYGB, while mannitol
excretion (monosaccharide; transcellular transport route)
decreased significantly [20]. A possible explanation for this
decrease in recovery of monosaccharides may be related to
an accelerated gastrointestinal transit after sleeve gas-
trectomy or after RYGB resulting in a reduction in exposure
time of the intestinal area to monosaccharides for transcel-
lular transport. Indeed, several authors have previously
reported that intestinal transit is accelerated after sleeve

gastrectomy [21–23]. Moreover, a positive correlation has
been found between intestinal transit time and the amount
of urinary mannitol excretion [12, 24]. In our study we
cannot exclude potential impact of confounders such as
intestinal transit time, on the observed changes in intestinal
permeability.

Our hypothesis on increased small and large bowel
permeability in morbid obesity was not confirmed. In fact,
the intestinal barrier proved to be undisturbed. Further
evidence for an intact intestinal barrier was provided by a
normal gene expression profile of several TJ proteins in ileal
biopsies of morbidly obese subjects.

However, gene expressions of TJ MLCK, claudin-3 and
claudin-4 in colonic biopsies were significantly higher in
the morbidly obese subgroup. Little et al. determined ZO-1
and occludin in duodenum tissue of lean and obese subjects,
and found significant lower ZO-1 in obese vs. lean subjects
but no significant differences in occludin [25]. However that
study did not report on claudins, nor on MLCK. An
explanation for higher MLCK, claudin-3 and claudin-4 gene
expressions in morbidly obese vs. lean subjects is not
readily available since no differences were seen in func-
tional (multisugar test) and metabolic (SCFAs) parameters.
It is well known that the intestinal barrier is not static, but
constantly remodeling in order to selectively regulate
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Table 5 Gene transcription of proteins associated with intestinal epithelial barrier function form distal ileal and proximal colonic biopsies of lean
and obese subjects. Data are normalized expression ratios, presented as medians [Q1–Q3 ranges].

Lean (n= 11) Obese (n= 10) Uncorrected
(p value)

Benjamini–Hochberg
(p value)

Ileum Claudin-3 1.19 [1.16–1.20] 1.18 [1.16–1.20] 0.751 0.916

Claudin-4 1.15 [1.14–1.16] 1.14 [1.11–1.15] 0.0845 0.211

ZO-1 1.14 [1.11–1.15] 1.14 [1.13–1.14] 0.860 0.916

MLCK 1.21 [1.20–1.24] 1.22 [1.21–1.24] 0.916 0.916

Occludin 1.19 [1.18–1.23] 1.18 [1.17–1.20] 0.0845 0.211

Colon Claudin-3 1.17 [1.16–1.19] 1.21 [1.18–1.22] 0.010 0.025

Claudin-4 1.09 [1.09–1.11] 1.15 [1.11–1.17] 0.0028 0.014

ZO-1 1.10 [1.09–1.13] 1.11 [1.09–1.12] 0.597 0.746

MLCK 1.21 [1.20–1.25] 1.26 [1.23–1.30] 0.022 0.037

Occludin 1.20 [1.18–1.22] 1.21 [1.21–1.22] 0.845 0.845
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intestinal permeability. As a consequence, it is assumed that
the differences we found are a compensatory mechanism in
order to maintain a well-functioning intestinal barrier.

As stated before, we cannot exclude the effect of an
acceleration in gastrointestinal transit time on permeability
findings, nor can we exclude alterations in gut peptide
secretion to have influenced permeability measurements. It
has been shown that in obesity postprandial responses of
both PYY and GLP-1 may become affected [26]. These
peptides are known to influence gastrointestinal transport.

Obesity has been associated with low-grade intestinal
and systemic inflammation. In line with previous studies
[27] we found a significant correlation between BMI and
hsCRP. Moreover, hsCRP and TNF-α plasma levels were
significantly higher in morbidly obese subjects compared
with the controls in our study. We observed a significant
reduction in hsCRP but not in the other systemic inflam-
matory markers. However, Illan-Gomez et al. observed a
significant decrease in both hsCRP and IL-6 after bariatric
surgery and weight loss [28].

The fecal calprotectin levels we observed were low, well
below threshold level for intestinal inflammation. Although
below threshold, fecal calprotectin was significantly higher
in the morbidly obese subjects compared with the lean
controls. Our findings confirm those of Poullis et al. and
Verdam et al. [29, 30].

The increase in fecal calprotectin we observed after
sleeve gastrectomy is not in line with studies reporting a
decrease in fecal calprotectin after diet induced weight loss
[31]. It is not known whether fecal calprotectin levels were
affected by the surgical procedure or other factors such as
changes in intestinal transit [15] or more active enterocyte
turnover [32, 33].

Fecal SCFA levels in the morbidly obese subjects were
not significantly different from controls. In several studies, a
role for SCFAs as contributor to obesity has been sug-
gested. In line with this assumption, some obese humans
were found to have higher fecal SCFA concentrations [34].
Our data are not in line with these observations. SCFA
concentrations have been related to gut health. In that
respect, our findings that fecal SCFA concentrations are not
affected by obesity should be considered as positive result.

Plasma citrulline is known to reflect small intestinal
mass. Plasma citrulline levels were significantly reduced in
our morbidly obese subjects. Our findings are in line with
those of Takashina et al. [35] Verdam et al. on the other
hand found evidence for increased plasma citrulline levels
in obese subjects, in particular in the subgroup with
hyperglycemia [8].

A strength of our study lies in consecutive measurements
over time both before and after sleeve gastrectomy. A
weakness of our study, on the other hand, is that we cannot
determine whether the changes we observed after surgery

are due to weight loss, the surgical procedure, or both.
Other factors such as inflammation, gut microbiota com-
position, and transit time may have attributed to the
observed changes in permeability.

The multisugar permeability test has proven to be an
elegant noninvasive test to measure gastrointestinal per-
meability. It has been validated previously. We are the first
to report on this test in the evaluation of gastrointestinal
permeability before and after sleeve gastrectomy.

In conclusion, we have shown that gastroduodenal per-
meability, but not small intestinal and colonic permeability,
is significantly increased in morbidly obese subjects. Mor-
bidly obese persons are characterized by a proinflammatory
plasma and stool profile. The SCFA metabolic profile was
not different in morbidly obese vs. lean subjects. After
sleeve gastrectomy gastroduodenal permeability decreased
to levels in the range of lean controls.
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