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The intestinal barrier is the sum of multiple mechanisms,
including those that regulate transepithelial electrical resist-
ance, the transepithelial movement of small molecules,
macromolecules, and particles, mucus secretion, and the
bidirectional transport of water and ions. A key component
of the intestinal barrier is paracellular permeability to sol-
utes that traverse intercellular tight junctions [1]. Increased
intestinal paracellular permeability is linked to the metabolic
syndrome, obesity, diabetes, and fatty liver, in which chronic
low-grade inflammation of adipose tissue, the pancreatic
islets, and the liver is associated with measurable elevations
of circulating lipopolysaccharides (LPS), termed metabolic
endotoxemia, associated with enhanced LPS entry from the
intestinal lumen into the circulation possibly via increased
intestinal paracellular permeability [2]. Intestinal paracel-
lular permeability is primarily regulated by intrinsic tight
junction (TJ) proteins, including zonula occludens-1 (ZO-1),
the occludins, and the claudins [3]. Changes in the expres-
sion of TJ proteins and their structure are well studied and
correlate with paracellular permeability to molecular size
markers such as FITC-dextran, polyethylene glycol, and car-
bohydrates and polyols such as mannitol and lactulose [4].
Although there is an extensive literature documenting asso-
ciations among TJ protein abundance and structure, epithe-
lial barrier function, and numerous disease states, a cause-
and-effect relationship among these factors and the time
course of barrier dysfunction changes have not been fully
evaluated. Furthermore, there is often confusion regarding
the contributions of individual intestinal segments toward
the regulation of overall gut permeability. For instance, it is
not known which specific intestinal segment is responsible
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for the paracellular absorption of macromolecular solutes,
and if paracellular permeability changes precede or follow
the development of metabolic syndrome. High-fat diet-
induced elevation in circulating lipopolysaccharides (LPS)
levels are explained by increased paracellular permeability,
but in which intestinal segment? Although the density of
Gram-negative microbes and thus LPS concentrations in the
cecum or colon can be a millionfold or more greater than
in the jejunum, it appears that in some instances such as in
coprophagic rodents, the proximal small intestinal lumen
also has high luminal LPS levels [5], suggesting that seg-
mental differences should be examined in order to deter-
mine the segments responsible for absorption of specific
substances.

Other issues regarding the interpretation of intestinal
permeability measurements include whether transport is
via paracellular diffusion versus transcellular transport, and
the timing of permeability changes, that can be classified as:
acute (<30 min~1 h), subacute (3—-24 h), longer duration
(~ 1 week), or chronic (> 30 days). For instance, systemic
inflammation such as endotoxemia increases small intesti-
nal paracellular permeability to FITC-dextran 4000 (FD4)
via the paracellular leak pathway within 3 h, changes that
continue for at least 48 h in rats [6]. In contrast, in normal
jejunum, data suggest that LPS are transported via transcel-
lular pathways into the portal vein within 15-30 min and
lymphatic circulation at 60—90 min following luminal expo-
sure to long-chain fatty acid oleic acid in vivo and in vitro
without corresponding changes in paracellular permeability
[5], suggesting that proinflammatory bacterial components
may physiologically cross the small intestinal epithelium.
Therefore, chronically absorbed LPS or other inflammatory
factors may trigger low-grade inflammation during high-fat
diet consumption causing intestinal subepithelial inflamma-
tion, followed by increased paracellular permeability linked
to metabolic endotoxemia, fatty liver, obesity and diabetes.

In this issue of Digestive Diseases and Sciences, Nas-
cimento al. [7] hypothesize that a high-fat diet impairs
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proximal small intestinal barrier function prior to the devel-
opment of type 2 diabetes with metabolic endotoxemia,
based on their former study that demonstrated changes in
tight junction morphology and paracellular permeability to
FITC-dextran in the ileum and colon do not contribute to the
onset of type 2 diabetes [8]. They found that the expression
of claudins-1, -2, and -3 and ZO-1 in duodenal and jejunal
epithelial cells as measured by immunofluorescence were
decreased as early as 15 days after the initiation of a high-
fat diet, prior to the development of hyperglycemia, which
occurred after 30 days, followed by increased intestinal per-
meability to the small molecule Lucifer yellow at 60 days.
Nevertheless, these changes were not associated with
changes in total immunoreactive tissue TJ protein amount,
plasma LPS and zonulin, or tissue TNF-o abundance. These
data suggest that a high-fat diet increases intestinal small
molecule paracellular permeability by derangement of TJ
structure in the proximal small intestine, rather than in
the distal small intestine or colon, preceding the onset of
type 2 diabetes. This is an informative study providing the
responsible intestinal segments and a step-by-step mecha-
nism of a high-fat diet-induced onset of type 2 diabetes. It
is still unclear what specifically affects TJ protein structure,
whether TJ structural changes in the duodenum and jejunum
directly contribute to the increased paracellular permeabil-
ity to Lucifer yellow, and when metabolic endotoxemia and
low-grade inflammation are triggered.

This is a classic ‘chicken or egg’ situation in that it is
unclear which comes first, increased paracellular permeabil-
ity or inflammation. Luminal nutrients, bacterial metabo-
lites, or toxins that are affected by a high-fat diet through fat-
induced dysbiosis of the gut microbiome may alter intestinal
TJ protein structure and function by altering intracellular
signaling, though these luminal factors may also directly or
indirectly activate mucosal immune cells that locally release
proinflammatory cytokines or mediators, that in turn may
alter epithelial TJ structure and function. Although a change
in diet alters the gut microbiota within~4 days, which can
recover within another ~4 days after the diet is normalized
[9], the situation is more complex when a diet is chronically

altered. Nevertheless, if a 15-day exposure to a high-fat
diet universally alters duodenal and jejunal TJ structure as
reported in the article [7], this suggests that the observed
changes occur relatively rapidly. Further studies are expected
to reveal the exact timing, segment and mechanisms, that
will provide more information for key pathological factors,
prevention of disease progression and therapeutic windows.
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