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Bariatric surgery has been proposed to improve glyce-
mic control in morbidly obese patients by stabilising
the gut barrier and alleviating endotoxemia-induced
insulin resistance. Here, recent studies are highlighted
which reveal site-specific and at times opposing effects
of bariatric surgery on the gut barrier. Further under-
standing the underlying mechanisms may not only in-
form the development of novel gut-based drugs for the
initial treatment of type 2 diabetes, but possibly also
assist in the management of its eventual relapse.

The gut lumen harbors trillions of microbiota which nor-
mally reside symbiotically in the host. Under certain condi-
tions however, such as in inflammatory bowel disease (IBD),
this healthy balance is lost, and there is an expansion of
pro-pathogenic gut microbiota which disrupt the otherwise
protective gut barrier. The resulting translocation of mi-
crobial products such as lipopolysaccaride (LPS) from the
cell wall of gram-negative bacteria through ’leaky’ gut epi-
thelial cells into the general circulation is referred to as
endotoxemia. This is characterized by both a localised and
systemic low-grade inflammatory response via the activa-
tion of toll-like receptor 4 (TLR4) expressed in innate and
adaptive immune cells. In 2008, it was proposed based on
experiments on mice that obesity-associated insulin re-
sistance can be traced to microbiota-mediated disruption
of the gut barrier and the ensuing endotoxemia [1]. This
idea has since been substantiated in many other preclinical
studies and, more importantly, has been translated to hu-
mans [2]. Thus, gut barrier-stabilising interventions such as
gut microbiota transplant [3] or small molecule drugs [4]
are being considered as novel anti-diabetic treatments.
Bariatric surgeries such as vertical sleeve gastrectomy
(VSG) and Roux-en-Y gastric bypass (RYGB) are indicated

for individuals with morbid obesity when conservative
treatments fail. These gastrointestinal anatomy-modifying
interventions not only cause unmatched weight loss, but
also a host of other metabolic benefits such as the remis-
sion of type 2 diabetes in most cases. Endotoxemia is also
alleviated in patients after VSG and RYGB [5], although it
remains to be shown if this is necessary for the postopera-
tive improvements in glycemic control. Nevertheless, sev-
eral studies in robust rodent models are beginning to re-
veal complex, site-specific effects of bariatric surgery on
the gut barrier. Here, | discuss these studies in detail and
propose that understanding the mechanisms behind both
the positive and the negative impact bariatric surgery has
on the gut barrier could inform the design of novel gut-
based drugs for the initial treatment and potentially also
the eventual relapse of type 2 diabetes.

In the first study by Blanchard et al. [6], mildly diet-
induced obese mice that underwent VSG experienced
weight loss and had reduced food intake as well as im-
proved oral glucose tolerance compared with sham-
operated controls - all important features of the procedure
in patients. Having established the validity of their VSG
model, the authors next addressed the potential site-
specific effects of VSG on the gut barrier by performing ex
vivo functional and gene expression analyses of jejunal and
colonic tissue samples. They found that jejunal samples
from the VSG-treated mice had reduced paracellular and
transcellular permeability as determined by sulfonic acid
and horse radish peroxidase (HRP) fluxes, respectively.
Interestingly, this was not found in jejunal samples from
mice pair-fed to VSG-treated mice arguing for a surgery-
specific effect. In line with the functional findings, jejunal
MRNA expression of several gut barrier-associated proteins
including junctional adhesion molecule-A and occludin
were selectively upregulated in VSG-treated mice. The au-
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thors then strikingly found the opposite pattern in the co-
lon. That is, VSG-treated mice had increased transcellular
and paracellular colonic permeability although this was not
associated with any changes in colonic gene expression.
Perhaps unexpectedly, but in line with the greater bacterial
load present in the large compared with the small intestine,
systemic endotoxemia was increased specifically in VSG-
treated mice. While these findings are at odds with the
outcome of VSG on endotoxemia in patients described
above [5], they provide an early example of how manipu-
lating gastrointestinal anatomy can have opposing, site-
specific effects on the gut barrier. They are also in line with
findings in patients after VSG showing improvements in
gastroduodenal permeability as determined by urinary
recovery of ingested sucrose and worsening of colonic
permeability as determined by urinary recovery of ingested
sucralose [7].

In the second study by Jin et al. [8], severely diet-
induced obese mice received RYGB and experienced
weight loss as well as markedly improved oral glucose tol-
erance and insulin sensitivity compared with sham-
operated controls. The authors next addressed the poten-
tial site-specific effects of RYGB on the gut barrier by per-
forming protein expression analyses of jejunal and colonic
tissue samples in conjunction with gold-standard in vivo
functional experiments. It was found that protein expres-
sion of occludin was clearly increased in the jejunum of
RYGB-treated mice, while protein expression of the gut
barrier-associated protein zona occludin-1 was clearly in-
creased in the colon. Nevertheless, jejunal and colonic
permeability were similarly decreased in RYGB-treated
mice as determined by localised fluorescein isothiocyanate
-dextran injections. Correspondingly, endotoxemia was
alleviated in these mice as it is in humans after RYGB thus
providing confidence that this feature of the clinical proce-
dure can effectively be modeled in the preclinical setting.
Next, the authors investigated the potential site-specific
effects of RYGB on gut inflammation. They found that
mRNA expression of the proinflammatory cytokine inter-
leukin 1 beta (IL-1B) decreased in the jejunum of RYGB-
treated mice, while mRNA expression of pro-inflammatory
IL-6 decreased in the colon. This was also reflected in the
circulating levels of both cytokines, confirming that RYGB
mitigates the state of chronic low-grade systemic inflam-
mation associated with obesity. In order to identify the
underlying, site-specific mechanisms for the alleviation of
endotoxemia associated with RYGB, a different approach
was taken from previous studies and gene expression anal-
ysis was performed on factors involved in host defense in
jejunal and colonic samples. It was found that mRNA ex-
pression of the Paneth cell-derived antimicrobial factor
regenerating islet-derived protein 3 beta (REG3B) in-
creased in the jejunum, while mRNA expression of both
REG3PB and REG3y increased in the colon of RYGB-treated
mice. In contrast, mRNA expression of the enzyme intesti-
nal alkaline phosphatase (which dephosphorylates LPS)
increased in both the jejunum and colon of these mice.
While these insightful findings are only associational in
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nature, they uniquely suggest that RYGB creates a gut envi-
ronment that is hostile to pathogenic bacteria and effec-
tively neutralizes LPS alongside reducing gut permeability.
They are also in line with the findings of Blanchard et al [6]
of site-specific effects of bariatric surgery on the gut barri-
er, although in this instance they are both favourable.

Given the above discoveries, one might ask what ac-
counts for the site-specific effects of bariatric surgery on
the gut barrier? This is unlikely to be a circulating factor
acting on the basolateral side of enterocytes. Instead, it is
more likely that luminal factors acting on the apical side of
enterocytes are responsible considering how reconfigura-
tion of gastrointestinal anatomy imposes site-specific com-
positional changes in the gut lumen due to redirection of
digestive secretions and shifts in the gut microbiota. To
directly test this idea, Hankir et al. [9] applied the duodenal,
jejunal and colonic content of RYGB-treated and sham-
operated rats onto Caco-2 cells, a human intestinal epithe-
lial cell line, to in effect simulate the intestinal microenvi-
ronments of the respective groups. Remarkably, it was
found that content from all of these gut regions of RYGB-
treated rats had marked barrier-stabilising effects, and that
duodenal and colonic content required the farnesoid X
receptor, a nuclear receptor for bile acids, to do so. Next,
to test if gut microbiota-derived factors are required for
the barrier-stabilising effects of gut content from RYGB-
treated rats, transfer experiments were performed on
germ-free mice. It was found that jejunal and colonic, but
not duodenal, content of these rats improved glycemic
control in association with attenuated endotoxemia. Col-
lectively, these results suggest that primary bile acids me-
diate the gut barrier-stabilising effects of duodenal content
and secondary bile acids mediate the but barrier-stabilising
effects of colonic content of RYGB-treated rats (Figure 1).
In contrast, because of the diversion of bile flow away from
the jejunum, as yet unidentified host- and/or microbiota-
derived metabolites mediate the gut barrier-stabilising
effects of jejunal content of RYGB-treated rats (Figure 1).

In a subsequent study by Hankir et al. [10], content
from the remaining section of the gut, i.e. the ileum, of
RYGB-treated and sham-operated rats was investigated.
Reminiscent of the studies of Blanchard et al. [6] and Jin et
al. [8], ileal content of RYGB-treated rats caused the oppo-
site effect of content from the other gut regions. That is, it
increased paracellular permeability in Caco-2 cells and
heightend endotoxemia in germ-free mice [10]. The former
effect was associated with a strong reduction in the tight
junction protein claudin-4 and the adherens junction pro-
tein desmoglein-2 [10] in Caco-2 cells. The implications of
these findings are unclear, but raise the possiblity that dur-
ing relapse of type 2 diabetes in the significant proportion
of patients after RYGB the barrier-disruptive ileal microbio-
ta expand thereby exerting a dominant (negative) effect on
endotoxemia (Figure 1). This would be analogous to the
situation in mice after VSG where enhanced colonic per-
meability dictated endotoxemia development [6]. It would
be interesting in future studies to identify the microbiota
and their metabolites in the ileal content of RYGB-treated
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FIGURE 1: Postulated contribution of
site-specific effects of RYGB on the
gut barrier on glycemic control. (A)
During diabetes remission after
RYGB, the barrier-stabilising effects of
jejunal and colonic content may out-
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rats that destabilise the gut barrier and to test if their neu-
tralization leads to even greater and lengthier benefits on
glycemic control. Such an approach may even assist in the
management of the relapse of type 2 diabetes in patients
after RYGB although at present this remains only specula-
tive.

Initially considered as simply mechanical interventions,
bariatric surgeries are now recognized as having complex
molecular, cellular and systems effects. This is reflected
nicely in the context of a leaky gut, where physically cut-
ting and then merging the gastrointestinal tract leads to
widespread and site-specific changes in the molecular
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building blocks of the gut barrier that overall alleviate en-
dotoxemia-induced insuin resistance. Future studies can
reveal whether designing drugs that target the gut barrier
in the same way as bariatric sugeries do can effectively
treat type 2 diabetes in a safe and non-invasive manner.
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