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Abstract

Background Recent studies have suggested that obesity is associated with an increased intestinal permeability as well as an
altered microbiota profile. These conditions can promote the translocation of lipopolysaccharide into the circulation and, subse-
quently, contribute to the observed systemic inflammation. Our aim was to assess gut permeability in patients with obesity
compared to non-obese subjects as well as after excessive weight loss following laparoscopic sleeve gastrectomy (LSG).
Methods We analyzed the dietary intake, metabolic and inflammatory markers, gut permeability (four-probe sugar test), and
microbiota composition in 17 morbidly obese patients before and after LSG as well as in 17 age- and gender-matched non-obese
subjects. Additionally, we compared gut permeability and inflammatory markers in patients of different stages of obesity.
Results Patients with obesity showed elevated levels of C-reactive protein and lipopolysaccharide-binding protein as compared
to non-obese subjects, but no differences were noted for gut permeability between these two groups. LSG led to improvements in
metabolic and inflammatory parameters in the obese patients. Moreover, gastroduodenal as well as small intestinal permeability
decreased, whereas colonic permeability increased after surgery. Regarding gut microbiota, differences were noted for main
phyla and alpha-diversity between non-obese and obese subjects. After surgery, the composition of the microbiota showed a
tendency toward the pattern of the non-obese group.

Conclusions Gut permeability is not dependent on body mass index, whereas weight loss after LSG initiates distinct changes in
gastroduodenal, intestinal, and colonic permeability. These changes do not seem to be associated with changes in the microbiota
composition.

Clinical Trial Registry Number and Website The trials were registered at https://www.drks.de/drks web/ with the number
DRKS00009008 and DRKS00006210.
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Introduction

Obesity is associated with disturbances in glucose and lipid
metabolism as well as a pro-inflammatory status and often
entails comorbidities such as type 2 diabetes and cardiovascu-
lar diseases [1]. Bariatric surgery has become a common treat-
ment option for patients with morbid obesity as it effectively
reduces body weight and rapidly alleviates obesity-associated
disorders [2].

Previous work has identified intestinal permeability as a
potential trigger for obesity-associated inflammation and al-
terations in glucose metabolism. Studies in rodents have
shown that high-fat feeding provokes an impairment of gut
barrier function and alterations in gut microbiota, thereby in-
creasing the translocation of bacterial products such as lipo-
polysaccharide (LPS) across the epithelial barrier [3-5].
Elevated concentrations of LPS in the circulation can trigger
inflammatory processes and contribute to obesity-associated
weight gain and insulin resistance [6].

Human studies measuring intestinal permeability in obesi-
ty, however, are rare, and their results inconsistent [7—10].
Hence, the role of intestinal permeability in the pathogenesis
of obesity-associated metabolic diseases remains unclear. One
study that investigated the effect of Roux-en-Y gastric bypass
(RYGB) on intestinal permeability observed a decrease in
transcellular permeability 1 month after surgery and a subse-
quent increase after 6 months. These changes may be due to
surgery-induced alterations followed by intestinal adaptations
[11]. The effects of other less invasive bariatric surgery pro-
cedures have so far only been studied in mice [12].

Considering our limited knowledge of the situation in
humans, the aim of the present study was to investigate wheth-
er gut barrier function is altered in different stages of obesity
compared to lean subjects, and if substantial weight loss after
laparoscopic sleeve gastrectomy (LSG), the most common
bariatric surgical procedure, modulates permeability in these
patients. In addition to gut permeability, gut microbiota com-
position and inflammatory markers were assessed.

Materials and Methods
Study Population

Seventeen obese individuals (body mass index (BMI) > 40 kg/
m?) undergoing LSG at one of the three cooperating hospitals
(including Adipositaszentrum Miinchen-Bogenhausen,
Krankenhaus Landshut-Achdorf, and Kreiskrankenhaus
Schrobenhausen) as well as 17 age- and gender-matched
non-obese subjects (BMI < 30 kg/m?) were included in this
pilot experimentation. Exclusion criteria included the pres-
ence of any severe disease (e.g., cancer); acute infection;
insulin-dependent diabetes mellitus; drug or alcohol abuse;

intolerance to lactulose, sucrose, sucralose, or fructose; anti-
biotic treatment within the last 2 months; and regular intake of
laxative agents, immunosuppressive drugs, and diarrhea med-
ications. For the comparison of gut permeability and inflam-
matory markers within different BMI categories, data from a
former study were included [13]. Both studies were performed
in the same study unit using identical methods. This study was
reviewed and approved by the ethics committee of the univer-
sity and was registered in the German Clinical Trial Register.

Anthropometric Measurements

The participants were instructed to avoid indulging in sports
on the previous day. Measurements were made with light
closing, and 1 kg was subtracted to account for residual cloth-
ing. Height was determined using a stadiometer and body
weight with a calibrated standard scale (Seca, Hamburg,
Germany) and BMI (kg/mz) was calculated. Waist circumfer-
ence was gauged with a soft tape mid-way between the lowest
rib margin and the iliac crest. Hip circumference was mea-
sured with a soft tape at the widest part of the gluteal region.

For the quantification of weight loss after surgery, follow-
ing parameters were used:

—  Percent excess weight loss (% EWL) = [(operative body
weight (kg) — follow-up body weight (kg))/(operative
body weight (kg) — ideal body weight (kg))] x 100

—  Ideal weight (kg) = 25 kg/m* x (height (m))*

— Percent total weight loss (%TWL) = (operative body
weight (kg)— follow-up body weight (kg))/operative
body weight (kg)) x 100

Blood Samples and Biochemical Analyses

In the obese patients, blood was drawn during surgery and at
6 months later in a fasting state. Blood sample of the non-
obese subjects was also drawn in a fasting state. The blood
samples were collected in a 9-ml EDTA tube and a 7.5-ml
serum monovette (Sarstedt, Niimbrecht, Germany). Insulin,
zonulin, lipopolysaccharide-binding protein (LBP), and C-
reactive protein (CRP) were measured in plasma with com-
mercially available ELISAs (insulin: DRG Diagnostics,
Marburg, Germany; zonulin: Immundiagnostik AG,
Bensheim, Germany; LBP and CRP: R&D, Wiesbaden,
Germany). Non-esterified fatty acids (NEFAs) were measured
in plasma using a commercial test kit (Wako Chemicals
GmbH, Neuss, Germany). Blood glucose of the patients with
obesity was recorded from the lab reports of the respective
clinic, and the non-obese group’s levels were determined in
serum by Synlab (Munich, Germany). Insulin resistance was
estimated using the homeostasis model assessment (HOMA -
IR =insulin (LU/mL) % glucose (mmol/L)/22.5) [14].
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Dietary Protocols

Patients documented their diet in a 7-day protocol before and
at 6 months after surgery. The total energy and macronutrient
content of the diet was calculated using the OptiDiet Plus
software (Version 5.1.2.046, GOE mbH, Linden, Germany).

Gut Permeability

Gut permeability was measured using an established four-
probe sugar test, as described elsewhere [15]. Briefly, after
overnight fasting, patients collected their morning urine as a
baseline sample and subsequently ingested a solution contain-
ing 10 g lactulose, 5 g mannitol, and 20 g sucrose along with
six pills containing in total 2 g sucralose. Subsequently, the
participants collected their total urine for 26 h in two sampling
periods (5 h and another 21 h). Sugars were analyzed in the
urine using high-performance liquid chromatography with
pulsed electrochemical detection (chromatography module
250, Dionex, Idstein, Germany) [15].

Collection of Fecal Samples

The participants were instructed to collect their stool in a ster-
ile plastic container (1000 ml; VWR International, Munich,
Germany). One spoonful of the sample was taken in a stool
collection tube containing DNA stabilizer (Stratec Molecular
GmbH, Berlin, Germany). Samples were brought to the labo-
ratory at room temperature and frozen and stored at — 80 °C
until further analysis.

Table 1

Anthropometric and metabolic characteristics of study participants

High-Throughput 16S rRNA Gene Sequencing

Fecal samples were processed as described previously [16].
Raw sequence reads were processed using IMNGS (https://
www.imngs.org/) [17] with a pipeline based on UPARSE
[18]. Operational taxonomic units (OTUs) were clustered at
a threshold of 97% sequence similarity. To exclude artificial
OTUs, only those with a relative abundance > 0.25% of total
sequences in at least one sample were analyzed further.

For downstream analysis of OTUs, the Rhea pipeline was
utilized. Detailed description of the microbiota analysis can be
found in the appendix (High-throughput 16S rRNA gene
sequencing).

Statistical Analysis

All data are presented as median (25th percentile; 75th per-
centile), with P < 0.05 regarded as statistically significant. The
Wilcoxon matched-pairs test was used to compare obese pa-
tients before and after surgery (LSG V1, LSG V2) and the
Mann—Whitney test to compare obese patients with non-
obese controls. For the comparison of gut barrier function in
dependence of BMI, Kruskal-Wallis and Dunn’s multiple
comparison tests were employed with *P <0.05, **P <
0.01, and ***P <0.001. Sample size calculation for gut per-
meability was based on recently published data [13] using #
test assessing differences before and after the intervention for
lactulose and zonulin. Regarding lactulose a study with an
effect size of 1.1 will require a total sample number of 11.
An effect size of 0.9 for zonulin revealed a subject number
of 8. These numbers would give a power of 80% and an

Median (25th percentile; 75th percentile)

P value

n LSGVI LSG V2 Non-obese LSG VI-LSG LSG VI1-Non-obese LSG V2-Non-obese
group V2 group group

Body weight (kg) 17 125.0 (133.9; 175.7) 111.8 (95.2;136.7) 62.7 (56.8;73.6) <0.001 <0.001 <0.001

Body mass index 17  52.5(47.0; 56.8) 39.1(32.6;44.0) 21.5(19.6;23.3) <0.001 <0.001 <0.001
(kg/m?)

Waist circumference 14 144 (129; 156) 109 (103; 128) 74 (69; 80) <0.001 <0.001 <0.001
(cm)

Hip circumference 14 152 (139; 172) 135 (116; 148) 95 (86; 98) <0.001 <0.001 <0.001
(cm)

Waist-to-hip ratio 14 0.87(0.82; 1.04) 0.83(0.78;0.92) 0.81(0.74; 0.86)  0.007 0.006 0.460

Fasting blood 15 91 (80; 101) 79 (69; 89) 89 (82; 94) 0.002 0.442 0.036
glucose (mg/dl)

Fasting insulin 15 51.9(27.4;70.5) 31.2(16.5;42.0) 12.4(8.9;19.9) 0.015 <0.001 0.009
(1U/ml)

HOMA-IR 15 11.0(6.1;17.7) 6.2 (3.2;8.9) 2.7(1.9;4.6) 0.003 <0.001 0.031

NEFA (mmol/l) 15 1.01(0.92; 1.54) 0.64 (0.36; 0.92) 0.30(0.22; 0.41) <0.001 <0.001 0.006

Anthropometric and metabolic characteristics of patients with obesity before (LSG V1) and after (LSG V2) laparoscopic sleeve gastrectomy and that of
non-obese control patients. Data are presented as median (25th percentile; 75th percentile). P values were determined using Wilcoxon matched-pairs test

and Mann—Whitney test
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Fig. 1 Caloric intake of patients with obesity before (LSG V1) and after
(LSG V2) laparoscopic sleeve gastrectomy in comparison to non-obese
subjects. a Total caloric energy intake per day. b Percentage energy intake

association at 5%. Power calculations were performed with
the R-package pwr.

Results

Sleeve Gastrectomy Induced Significant Weight Loss
by Causing a Decrease in Energy Intake

Seventeen patients (14 females/3 males) with class III obesity
(BMI >40 kg/m?) undergoing LSG were included in the study
together with 17 age- and gender-matched non-obese subjects
(BMI < 30 kg/m?). The mean age was 41.8+9.1 years in the
obese group and 41.7+9.7 years in the non-obese group.
Anthropometric parameters of the patients are presented in
Table 1. The patients receiving LSG reduced their body weight

Fig. 2 LBP and CRP levels of
patients with obesity before (LSG

Q

of calories from the major macronutrients (carbohydrates, fat, and pro-
tein). P values were determined using Wilcoxon matched-pairs test and
Mann—Whitney test (n =17 per group)

by 41.0 kg (33.7 kg; 46.5 kg) until the 6-month follow-up visit.
This reduction corresponded to a total weight loss (%TWL) of
25.9% (22.3%; 30.3%) and an excessive weight loss (%EWL) of
50.9% (40.4%; 64.8%). BMI declined by 13.79 kg/m* (12.10 kg/
m?; 15.50 kg/m?) within 6 months after surgery. Both waist and
hip circumference decreased significantly. While patients with
obesity exhibited a significantly greater waist-to-hip ratio when
compared to the non-obese individuals, this difference was not
significant any more at 6 months after the surgery (Table 1).
According to the dietary protocols, weight loss after LSG
was induced by substantially decreased energy intake. Patients
with obesity reduced their total daily energy intake from
1826 kcal (1450 kcal; 2117 kcal) before surgery to 882 kcal
(788 kcal; 1087 kcal) at 6 months after surgery (Fig. 1a). The
composition of the diet, however, did not change as the per-
cent of calorie intake from the different macronutrients

b
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remained unaltered (Fig. 1b—d). The daily energy intake of the
non-obese group was 1979 kcal (1726 kcal; 2370 kcal).

Weight Loss Was Accompanied by Improvements
in Metabolic and Inflammatory Parameters

Baseline levels of fasting insulin and HOMA-IR were higher
in patients with obesity compared to non-obese subjects and
dropped significantly after surgery, together with fasting blood
glucose levels (Table 1). Before surgery, six patients with obe-
sity were diagnosed with type 2 diabetes mellitus and all of

@ Springer

them showed improvement or resolution of the disease
6 months after the procedure.

Baseline blood levels of NEFA were elevated in patients
with obesity compared to those of non-obese subjects and
decreased significantly after surgery (Table 1). However, the
concentrations were still higher than in the non-obese group.
A similar trend was noted for CRP. The plasma levels of this
inflammatory protein also decreased significantly after sur-
gery, but were still elevated in comparison with those of the
non-obese subjects (Fig. 2a). However, levels of LBP, a mark-
er for LPS translocation from the gut into the circulation, were
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increased in obesity at baseline, but did not decrease signifi-
cantly after surgery (Fig. 2b and Supplemental Table 2).

Gut Barrier Function Before and After Sleeve
Gastrectomy

The permeability of different sections of the gastrointestinal
tract was measured with a standardized four-probe sugar test
(Fig. 3). Lactulose was used as a marker of the paracellular
route of small intestinal permeability. Urinary recovery of

lactulose decreased significantly after surgery. The same result
was observed for mannitol, a marker of the transcellular route
of small intestinal permeability. However, the ratio of
lactulose to mannitol excretion, which is often used as a small
intestinal permeability index, was unchanged. Urinary recov-
ery of sucrose decreased post-surgery, indicating an improve-
ment in the gastroduodenal permeability. In turn, urinary re-
covery of sucralose was enhanced, indicating an elevated per-
meability of the colon. For all four sugars, no significant dif-
ference was recorded between the obese patients before
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surgery and the non-obese group (Fig. 3 and Supplemental
Table 2).

In addition to the four-sugar test, the concentration of cir-
culating zonulin, which regulates tight junctions in the intes-
tine, was measured (Fig. 3f). The concentration was not al-
tered after surgery. Moreover, there was no significant differ-
ence between obese and non-obese subjects.

Gut Barrier Function in Dependence of BMI

As there was no difference in the gut barrier function between
the non-obese and obese group, we further investigated the
effect of BMI on gut permeability. We therefore combined
our present study group with obese patients from a former
study [13], which was performed in the same study unit by
identical SOPs and methods. The patients were assigned to
four different BMI groups: non-obese group (BMI <28 kg/
m?), obesity class I (BMI 30-34.9 kg/m?), obesity class II
(BMI 35-39.9 kg/m?), and obesity class III (BMI >40 kg/
m?). The study characteristics of the subgroups are presented
in Supplemental Table 1. Gut permeability was similar in all
BMI groups, as there was no difference in the urinary recovery
of the four sugars (Fig. 4a—e and Supplemental Table 3). The
concentration of zonulin was elevated in class I obesity in
comparison with the non-obese group, but decreased again
in the higher obesity classes (Fig. 4f).

When compared with the non-obese patients, circulating
LBP was elevated to a similar extent in all classes of obesity
(Fig. 5b and Supplemental Table 3). The inflammatory status,
measured by CRP, was also increased in obesity (Fig. 5a and
Supplemental Table 3).

Sleeve Gastrectomy Induced Specific Changes
in the Gut Microbiota Profile

For the analysis of gut microbiota, we only included patients

who did not regularly take proton pump inhibitors (PPIs) at
both time points, together with their matched controls (n =8

@ Springer

per group). PPIs are known to affect the gut microbiota [19,
20], and we could confirm this effect when comparing patients
with and without PPI medication (Supplemental Fig. 1).

The analysis delivered 497,737 quality- and chimera-
checked reads (20,739 6344 per sample), which clustered
in 394 OTUs. The microbiota of subjects with and without
obesity differed in their alpha-diversity. Both richness and the
Shannon effective number of species were lower in patients
with obesity compared to non-obese subjects and increased
after surgery (Fig. 6¢). Patients displayed high inter-
individual variance in beta-diversity, and there was a signifi-
cant difference between the groups, however not in the
pairwise comparison of the groups. Yet, there seemed to be a
shift in the microbiota composition of the obese patients post-
surgery toward that of the non-obese group (Fig. 6a).

The phylogram revealed four groups based on the similar-
ity of the samples, with the non-obese samples clustering to-
gether mainly in one group (Fig. 6b). The patients P1-05, P1—
20, P1-21, and P1-22 showed a change in their microbiota
composition after LSG in the direction of the non-obese
group. The other four patients with obesity did not show major
changes, whereas the microbiota of patient P1-18 was quite
similar to the non-obese group even before surgery.

To further investigate differences between the groups, we
looked for significant differences in the relative abundance of
taxonomic groups. Overall, differences were detected in two
phyla, three classes, four orders, five families, and eight gen-
era. Firmicutes and Bacteroidetes were the most abundant
phyla in the samples, followed by Proteobacteria and
Actinobacteria. Patients with obesity had a higher abundance
of Bacteroidetes and a lower abundance of Firmicutes. The
abundance of both phyla tended toward the non-obese group
after surgery (Fig. 6d).

Within the phylum Bacteroidetes, the class Bacteroidia and
the order Bacteroidales showed significantly lower abundance
in the non-obese group and a decreasing trend after surgery.
Differences were also observed in the family Prevotellaceae,
which was present in six out of eight patients with obesity, but
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<« Fig. 6 Fecal microbiota analysis of study participants of patients with
obesity before (LSG V1) and after (LSG V2) laparoscopic sleeve
gastrectomy in comparison to non-obese subjects. a Multidimensional
scaling (MDS) plot of phylogenetic distances (beta-diversity). b
Phylogram showing hierarchical clustering of samples. ¢ Diversity within
samples (alpha-diversity). Numbers in brackets below the x-axis indicate
prevalence (number of analyzed samples/number of total samples). d
Bacterial taxonomic groups with differences between groups (n =8 per
group)

only in a single non-obese subject. Rikenellaceae increased in
abundance after surgery.

Regarding the phylum Firmicutes, an overall higher abun-
dance of Clostridia was noted in non-obese compared to
obese individuals. This trend was also seen for the order
Clostridiales, the family Ruminococcaceae, and several gen-
era within the family Ruminococcaceae (Ruminococcaceae
NK4A214, Ruminococcaceae UCG-005, Ruminococcaceae
UCG-014, Subdoligranulum). Furthermore, two genera with-
in the family Lachnospiraceae (Lachnospira, Anaerostipes)
showed significant differences between the groups. The gen-
era Ruminococcaceac NK5A214 and Anaerostipes were, be-
sides Rikenellaceae, the only taxonomic groups that showed
significant differences after surgery. Ruminococcaceae
NK4A214 was only present in samples after surgery, while
Aanaerostipes disappeared after surgery. The
Selenomonadales and Acidaminococcaceae as well as the
whole class of Negativicutes showed a higher abundance in
the obese group.

No differences were recorded for the phylum Proteobacteria.
The relative abundance of Betaproteobacteriales and
Burkholderiaceae from the phylum Proteobacteria, however,
was identified to be higher in the obese compared to the non-
obese subjects, and sleeve gastrectomy did not lead to marked
changes.

Among the 394 OTUs analyzed, eight depicted significant
differences between patients with and without obesity. Only
one OTU revealed varying abundance pre- and post-surgery;
OTU44 (Anaerostipes hadrus, 99.07% sequence similarity)
was present in five patients before surgery, but did not occur
in any patient after the procedure.

Discussion

In the present study, we investigated whether gut permeability
of patients with obesity is increased in comparison with non-
obese subjects and whether substantial weight loss induced by
bariatric surgery has an effect on gut permeability.

The morbidly obese patients recruited for our study re-
duced energy intake and experienced 50.9% excessive weight
loss 6 months after LSG surgery, which is in line with previ-
ous reports [21, 22]. This weight loss was also associated with
improved metabolic and inflammatory parameters.

@ Springer

As novel findings we observed that weight loss by bariatric
surgery resulted in an increased colonic permeability and a
decreased gastroduodenal as well as intestinal permeability.
The concentration of zonulin did not change. Zonulin interacts
with gut tight junctions and thereby increases paracellular in-
testinal permeability [23]. This result indicates that other fac-
tors, such as nutrients, may be involved in the regulation of
intestinal paracellular permeability, as measured by lactulose
excretion. Several studies have provided evidence for the po-
tential influence of nutrients on gut barrier integrity and LPS
translocation [24]. Moreover, it is important to note, that after
completion of our data, a study was published [25] that
questioned the precision of the widely used zonulin ELISA
kit which we also used in our study. Their data suggest that the
aforementioned kit does not detect zonulin (pre-haptoglobin
2), but rather a variety of other proteins that are structurally
and possibly functionally related to zonulin. The imprecise-
ness of the zonulin ELISA kit could explain the discrepancy
between decreased paracellular intestinal permeability and un-
altered zonulin levels in our study.

The study by Savassi-Rocha and colleagues is the only
other human study so far investigating gut permeability
in vivo after bariatric surgery [11]. In this study, a decrease
in mannitol excretion rate was identified at 1 month after sur-
gery, which returned to preoperative levels at 6 months post-
surgery, whereas gastroduodenal and colonic permeability
have not been examined. The observations made in this study
are most likely due to the shortening of the intestine by the
RYGB surgery and subsequent intestinal adaptations. Sleeve
gastrectomy is a less invasive procedure that only reduces
stomach size, but does not directly affect the intestine. It is
therefore likely, that alterations in gut permeability after LSG
are primarily dependent on weight loss and not on the surgical
procedure itself. However, accelerated gastric emptying and
elevated small bowel transit time have been observed after
sleeve gastrectomy [26], which may have contributed to the
decrease in small intestinal permeability in our patients. To the
best of our knowledge, this is the first human study investi-
gating gut permeability in sleeve gastrectomy. A recent study
that investigated the effect of this procedure on gut permeabil-
ity in diet-induced obese mice largely supports our findings
[12]. The paracellular and transcellular jejunal permeability of
these mice decreased after surgery, whereas colonic perme-
ability was augmented.

LBP was measured as a marker of LPS translocation from
the gut into the circulation. LBP concentrations were elevated
in obesity, but did not decrease with weight loss after surgery.
As colonic permeability in contrast to intestinal permeability
increased after surgery, there was no overall decrease in
paracellular permeability that could restrain the translocation
of LPS. However, other studies have recorded reduced LPS
and LBP levels after surgery [27]; but it can take up to
12 months until this decrease becomes significant [28].
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Although LBP levels were unaltered, systemic inflammation
observed in the obese patients, as measured by CRP levels,
decreased after surgery. Therefore, other factors, such as a
reduction of adipocyte size with a decrease of inflammatory
cytokine production, may have contributed to the overall de-
cline in the inflammatory load [29].

Surprisingly, no significant differences in gut permeability
between patients with morbid obesity before surgery and non-
obese subjects were found. Other human studies have reported
conflicting results. While some studies described an elevated
small intestinal permeability in obesity [8, 9], others did not
[7, 10]. We therefore further investigated gut permeability at
different stages of obesity. However, we could not identify any
effect of BMI on gut permeability. One explanation for the
conflicting results between different studies may be that gut
permeability is not directly dependent on body weight, but
rather on diet, especially high-fat diets, and associated chang-
es in gut microbiota [3, 4], which might have differed between
the study groups. In our study, the dietary composition was
similar in non-obese and obese subjects before surgery, which
supports this hypothesis.

Interestingly, the concentration of zonulin was increased in
obesity class I in comparison with the non-obese group and
decreased again in the higher classes of obesity, while small
intestinal permeability was unaltered. The decrease of zonulin
at higher BMI may be a result of unknown compensatory
mechanisms that counteract elevated zonulin levels at high
BMI. However, as mentioned before, the data may not be
meaningful due to the inaccuracy of the zonulin ELISA [25].

Despite unaltered gut permeability, the levels of LBP were
elevated in obesity. The inflammatory status, as measured by
CRP, was also raised. Besides LPS, the increased adipose
tissue mass and its pro-inflammatory secretion pattern may
contribute to this surge in inflammation [30].

Overall, we could not find evidence for an impaired gut
barrier function with increasing BMI. However, excessive
weight loss after bariatric surgery induced changes in gut bar-
rier function. A recent study that investigated gut barrier func-
tion in obese women before and after caloric restriction with a
subsequent moderate weight loss of 7 kg revealed a decline in
gastroduodenal, small intestinal, and colonic permeability
[13]. Moreover, a study in obese patients with steatosis could
also show effects of weight reduction on intestinal permeabil-
ity [31]. Together, these results suggest that body weight per
se does not influence gut barrier function, whereas interven-
tions such as caloric restriction and consecutive weight loss
can initiate distinct changes in permeability.

Changes in gut permeability have been associated with
alterations in gut microbiota composition [3, 4]. However, this
finding has not been confirmed so far in humans [7]. In our
study, taking into account co-medication with PPIs, subjects
with and without obesity showed separate clusters of micro-
biota composition. Alpha-diversity was significantly lower in

the obese patients than in the non-obese subjects. Similar re-
sults have also been reported in previous studies [7, 32].
Regarding taxonomic composition, the relative abundance of
Bacteroidetes was enhanced in obesity, whereas Firmicutes
were more abundant in the non-obese group. This finding is
in contrast to the proposed hypothesis of an increased
Firmicutes/Bacteroidetes ratio in obesity [33]. However, with
the introduction of the enterotypes concept, microbiologists
came to the conclusion that the individual composition of
the gut microbiota is not dependent on factors such as ethnic-
ity, age, or BMI, but rather fits into one of three clusters of
well-balanced, defined, and stable microbial communities [34,
35]. As most investigations conducted so far did not select
study groups on the basis of enterotypes, the comparisons of
taxonomic differences are not conclusive. Indeed, in our study
group, it seems that patients with and without obesity derived
from different enterotypes. While non-obese subjects resem-
bled enterotype 3 with a high abundance of Firmicutes, espe-
cially Ruminococcus, patients with obesity are more likely to
have originated from enterotype 1 with a low richness and a
high abundance of Bacteroidetes. We therefore cannot draw
reliable conclusions by comparing the gut microbiota of our
study groups.

While investigating the effects of LSG on the gut microbi-
ota, we observed an increase in alpha-diversity after surgery.
Similar results have also been attained in a previous study on
sleeve gastrectomy [36] in comparison with a more pro-
nounced increase in bacterial richness after RYGB.
Taxonomic changes tended toward the composition of the
non-obese group, yet were in most cases minor and not sig-
nificant. It is particularly remarkable that LSG had a varying
impact on the gut microbiota of individual patients. While
some experienced a considerable shift in the direction of the
non-obese controls, the microbiota of others remained quite
stable after surgery. This shift was not dependent on changes
in weight, diet, metabolic parameters, or gut permeability.
Thus, the factors triggering microbiota changes after weight
loss are still unknown. Other studies on gut microbiota chang-
es after restrictive bariatric surgery have also not yielded con-
sistent results so far [36-39]. It is possible that the different
enterotypes vary in their resilience as well as their recovery
after interventions such as weight loss. In the future, larger
study groups that are stratified according to the enterotype
status of the patients and controls are needed.

Conclusions

In summary, the results of our study imply that gut permeabil-
ity is not dependent on BMI, but weight loss by LSG results in
distinct changes in gastroduodenal, intestinal as well as colon-
ic permeability. Regarding microbiota composition, sleeve
gastrectomy may induce only minor changes, with some
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patients showing a more stable microbiota than others.
Therefore, we could not confirm a clear link between micro-
biota composition and gut permeability in obese patients after
LSG.
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