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Gut microbiota, epithelial function and derangements
in obesity
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Abstract The gut epithelium is a barrier between the ‘outside’ and ‘inside’ world. The major
function of the epithelium is to absorb nutrients, ions and water, yet it must balance these functions
with that of protecting the ‘inside’ world from potentially harmful toxins, irritants, bacteria and
other pathogens that also exist in the gut lumen. The health of an individual depends upon the
efficient digestion and absorption of all required nutrients from the diet. This requires sensing
of meal components by gut enteroendocrine cells, activation of neural and humoral pathways
to regulate gastrointestinal motor, secretory and absorptive functions, and also to regulate food
intake and plasma levels of glucose. In this way, there is a balance between the delivery of food and
the digestive and absorptive capacity of the intestine. Maintenance of the mucosal barrier likewise
requires sensory detection of pathogens, toxins and irritants; breakdown of the epithelial barrier
is associated with gut inflammation and may ultimately lead to inflammatory bowel disease.
However, disruption of the barrier alone is not sufficient to cause frank inflammatory bowel
disease. Several recent studies have provided compelling new evidence to suggest that changes
in epithelial barrier function and inflammation are associated with and may even lead to altered
regulation of body weight and glucose homeostasis. This article provides a brief review of some
recent evidence to support the hypothesis that changes in the gut microbiota and alteration of gut
epithelial function will perturb the homeostatic humoral and neural pathways controlling food
intake and body weight.
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The gut epithelium is a barrier between the ‘outside’
and ‘inside’ world. The major function of the epithelium
is to absorb nutrients, ions and water, yet it must
balance these functions with that of protecting the ‘inside’
world from potentially harmful toxins, irritants, bacteria
and other pathogens that also exist in the gut lumen.
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The health of an individual depends upon the efficient
digestion and absorption of all required nutrients from
the diet. This requires sensing of meal components
by gut enteroendocrine cells, activation of neural and
humoral pathways to regulate gastrointestinal (GI) motor,
secretory and absorptive functions, and also to regulate
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food intake and plasma levels of glucose. In this way,
there is a balance between the delivery of food and
the digestive and absorptive capacity of the intestine.
Maintenance of the mucosal barrier likewise requires
sensory detection of pathogens, toxins and irritants; break-
down of the epithelial barrier is associated with gut
inflammation and may ultimately lead to inflammatory
bowel disease. However, disruption of the barrier alone is
not sufficient to cause frank inflammatory bowel disease.
Several recent studies have provided compelling new
evidence to suggest that changes in epithelial barrier
function and inflammation are associated with and may
even lead to altered regulation of body weight and glucose
homeostasis. This article provides a brief review of some
recent evidence to support the hypothesis that changes in
the gut microbiota and alteration of gut epithelial function
will perturb the homeostatic humoral and neural pathways
controlling food intake and body weight.

Altered gut microbiota in obesity

Evidence for an alteration in gut microflora in obesity
was suggested from studies in genetic models in rodents.
Using 16S ribosomal RNA sequencing of the caecal micro-
flora, significant changes in the abundance of two of the
major bacterial phyla were observed in leptin-deficient
(ob/ob) obese mice compared with lean (ob/+) littermates,
with a significant reduction in Bacteriodetes and an
increase in Firmicutes (Ley et al. 2005). Similar findings
of an increase in the relative abundance of Firmicutes
were also reported in a population of obese humans
(Ley et al. 2006). Data from studies using long-term
ingestion of diets high in fat reveal similar changes
in the microbiota, with a decrease in overall bacterial
abundance and an increase in the ratio of Firmicutes to
Bacteriodetes species (Turnbaugh et al. 2008). Germ-free
mice are resistant to high-fat (HF)-diet-induced obesity,
and administration of the microbiota from either lean or
obese mice to germ-free mice recapitulates the original
phenotype (Turnbaugh et al. 2006). These and other data
(see Tilg et al. 2009; Turnbaugh & Gordon, 2009; Ley, 2010)
suggest an association between the gut microbiome and
body weight regulation. Data from initial studies suggested
that the change in the gut microbiota may influence body
weight regulation by increasing nutrient extraction from
the diet and by alteration of fat deposition (Turnbaugh
et al. 2006, 2008; Backhed et al. 2007); however, evidence
is beginning to emerge that other mechanisms may be
involved.

Studies from the group of Cani et al. demonstrated in
mice that ingestion of a very HF diet induced changes
in the gut microbiota, the expected increase in weight
gain, adiposity and other symptoms of the metabolic
syndrome. Importantly, these changes were accompanied
by an increase in circulating levels of the bacterial product,

lipopolysaccharide (LPS; Cani et al. 2007). In mice fed
a low-fat diet, plasma levels of LPS increase during the
dark phase, in association with feeding. In contrast, in
HF-fed mice, there was no diurnal variation, and LPS
remained high throughout the dark and light phases.
The levels of LPS were 10–15 times lower than those
measured in models of sepsis. This group coined the
term ‘metabolic endotoxaemia’ to describe this low, but
chronic increase in circulating LPS to distinguish it
from high, rapid-onset increases in LPS seen in acute
infections and sepsis. Implantation of osmotic minipumps
to deliver LPS chronically over 4 weeks induced glucose
intolerance and insulinaemia, together with an increase
in body weight and adiposity. In mice lacking CD14,
the adapter protein for Toll-like receptor 4 (TLR-4; the
pattern recognition receptor for LPS), long-term ingestion
of a HF diet or chronic administration of LPS had no
effect on any parameters, suggesting a role for the TLR-4
receptor in mediating effects of metabolic endotoxaemia
on body weight regulation and glucose tolerance (Cani
et al. 2007). Toll-like receptor 4 null mice are resistant
to HF-diet-induced obesity (Davis et al. 2008), lending
further support to the concept that products from the gut
microbiota play a pivotal role in regulation of body weight.
It is well established that obesity is an ‘inflammatory
disease’, with marked increases in inflammatory cytokines
and other mediators in adipose tissue, liver, muscle and
plasma (Hotamisligil, 2006). Despite the gut being the
first place to see changes in the gut microbiota or bacterial
breakdown products and toxins, the role of inflammation
in the gut epithelium in driving the changes in body weight
and adiposity has, until recently, been unexplored.

Gut inflammation and changes in barrier function
in obesity

One of the first studies to investigate the possible role
of GI inflammation compared the inflammatory markers
in the gut induced by HF feeding to that in a model
of colitis in mice (Li et al. 2008). The major change in
inflammatory markers in mesenteric fat and liver was
an increase in expression of tumour necrosis factor α
(TNFα), but in the proximal colon there was a significant
increase in interleukin-1β. Other studies have confirmed
inflammation in the intestine of HF-fed mice or in genetic
models of obesity (Duparc et al. 2011).

In a convincing demonstration of a possible causative
role for gut inflammation in the deleterious systemic
effects of a HF diet, Ding et al. (2010) used trans-
genic mice with the nuclear factor κB (NF-κB) response
element–enhanced green fluorescent protein (EGFP)
reporter transgene (NF-κBEGFP) to determine the pre-
sence and cellular sites of inflammation. In conventionally
raised but not in germ-free mice, HF diet increased body
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weight and adiposity, and this was accompanied by an
increase in mRNA for TNFα in the ileum. Importantly, the
increase in ileal TNFα occurred early (within 2–4 weeks of
initiation of high-fat feeding), preceded weight gain and
showed strong correlations with increased body weight,
adiposity and increase in plasma glucose and insulin.
Nuclear factor κB was activated in epithelial, immune and
endothelial cells in the small intestine of conventionally
reared HF-fed mice. These data clearly demonstrate
that ingestion of a HF diet induces inflammation in
the small intestine, and these changes precede obesity.
Thus, intestinal inflammation is an early consequence of
ingestion of a HF diet and may induce obesity via elevated
plasma levels of LPS or some other as yet unidentified
mechanism.

These data fit well with those generated in our
laboratory using Sprague–Dawley rats, a non-congenic
strain of rats, in which littermates can be either prone
or resistant to HF-diet-induced obesity. High-fat feeding
was associated with changes in the gut microbiota, but
gut inflammation occurred only in obese rats, again
suggesting a causative role for gut inflammation in the
onset of obesity (de La Serre et al. 2010). We also
found changes in the cellular localization of occludin
in epithelial cells in the ileum and an increase in
phosphorylation of myosin light chain, both of which are
associated with compromised epithelial barrier function.
In an interesting model of obesity in rats, in which
there is a spontaneous mutation in the gene encoding
the cholecystokinin type 1 receptor (CCK1R), there is
a separation between the effects of obesity alone (due
to hyperphagia because of the lack of the CCK1R) and
obesity associated with ingestion of a HF diet (Suzuki
& Hara, 2010). Importantly, there were no differences
in intestinal permeability in CCK1R-deficient obese rats
versus normal (lean) rats when ingesting laboratory chow;
however, intestinal permeability increased in both obese
and lean rats when ingesting HF diets. Marked changes
in expression of tight junction proteins in the small
intestine, but not colon or caecum, were also induced
by HF feeding. An increase in intestinal permeability and
altered expression of tight junction proteins (ZO-1) has
also been reported in response to HF feeding in mice
(Cani et al. 2008) and humans (Osbak et al. 2011). Taken
together, the data from these studies suggest that HF
feeding can alter epithelial barrier function and increase
intestinal permeability (Fig. 1). However, caution has to be
exercised because similar changes have also been reported
in genetic models of obesity. In db/db and ob/ob mice,
an decrease in transepithelial resistance, increase flux of
horseradish peroxide (HRP) and a decrease in expression
of occludin and ZO-1 at tight junctions and distribution
of proteins away from apical membrane (Brun et al. 2007)
was observed, suggesting that this can also be secondary
to the metabolic effects of an obese state.

Figure 1. A proposed model by which ingestion of a high-fat
diet will lead to hyperphagia and obesity
Ingestion of a high-fat diet (HFD) leads to changes in the gut
microbiota. In susceptible individuals, the gut may become inflamed,
resulting in changes in tight junction (TJ) proteins and an increase in
intestinal permeability. The presence of inflammation allows for the
increase in Gram-negative Proteobacteria, thus increasing the
amount of lipopolysaccaride in the gut lumen. The increased gut
permeability allows for an increase in passage of lipopolysaccaride
from the gut lumen to the gut interstitium, where it can activate
Toll-like receptor 4 (TLR4) on a variety of target tissues, including
those localized to vagal afferent nerve terminals. Abbreviation: GI,
gastrointestinal.

Sensors within the epithelium

Why would an increase in gut inflammation, leakiness
and thus an increase in levels of LPS and possibly other
bacterial products and toxins in the lamina propria and
plasma induce obesity? Certainly, there is evidence that
these bacterial products can produce inflammation in
other tissues that are altered in obesity, such as adipose
tissue, muscle, pancreas and liver. However, there may be
significant effects much closer to home, within the gut
epithelium, particularly on cells and pathways involved in
the regulation of food intake.

Approximately 1% of gut epithelial cells are specialized
enteroendocrine cells, which act as luminal sensors,
capable of detecting ions, nutrients, bacterial products
and other luminal contents. These cells are pluripotent,
each synthesizing, storing and releasing several different
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polypeptide hormones and other bioactive molecules.
Polypeptide gut hormones are important in many different
functions both within the gut, via paracrine actions, and as
true hormones acting at distant sites, such as the exocrine
and endocrine pancreas and the central nervous system.
Moreover, gut hormones can both stimulate and inhibit
food intake, and thus play a critical role in matching
the entry of nutrients (both in terms of emptying of
contents from the stomach and also through alteration
of ingestion) to the digestive and absorptive capacity of
the small intestine. While the response of gut endocrine
cells to nutrient stimuli is well established, evidence is
accumulating to suggest that these gut sensors can also
respond to other non-nutritive stimuli, such as artificial
sweeteners, bitter-tasting compounds, toxins and bacterial
products (Sternini et al. 2008; Raybould, 2010).

Several recent publications have shown that
enteroendocrine cells express TLRs, not necessarily a
surprising finding given that they share a common lineage
with other epithelial cells. In immunohistochemical
studies to determine the expression of TLRs in human
and murine intestinal tissue, Bogunovic et al. (2007)
demonstrated that TLR-1, TLR-2 and TLR-4 were
expressed on subpopulations of epithelial cells with
enteroendocrine cell morphology located primarily in
the crypt in both the colon and the small intestine.
Several TLRs are expressed by STC-1 cells, a model of
enteroendocrine cells (Bogunovic et al. 2007; Palazzo

et al. 2007; Selleri et al. 2008). Ligands for these receptors
cause secretion of cholecystokinin (CCK) from these
cells by a mechanism dependent on MyD88 and protein
kinase C, intracellular signalling molecules known to be
downstream of TLRs. In mice, administration of ligands
for each TLR also increased serum levels of CCK; LPS
was particularly potent in releasing CCK, an effect absent
in TLR-4 null mice. Exposure to LPS was also found to
induce both anti- and pro-inflammatory gene expression
in STC-1 cells. Thus, it is possible that alteration in the gut
microbiota induced by HF feeding produces a different
complement of bacterial products that, via activation
of TLRs on gut endocrine cells, may influence ingestive
and GI function. Considering the important role of gut
peptides to regulate gut function and food intake, this
could be a key component of induction of hyperphagia in
response to HF diets.

However, LPS (or other bacterial products) may have
effects beyond the immediate epithelial cell, particularly
if the epithelial barrier is leaky and these products
accumulate in the lamina propria. It is worth noting that
LPS and other inflammatory mediators have been shown
to induce signalling events in hypothalamic neurons,
rendering them less sensitive to the anorexigenic hormone,
leptin (Araujo et al. 2010). This leptin resistance is a
hallmark of HF-diet-induced obesity in rodents and is
thought to be a major factor in disordered food intake
that leads to obesity. However, vagal afferent neurons that

Figure 2. A proposed model by which an increase in lipopolysaccharide (LPS) induces hyperphagia
In normal conditions, ingestion of food regulates intake via intestinal feedback mechanisms involving the action
of cholecystokinin (CCK) and leptin on vagal afferent neurons. Following chronic ingestion of a high-fat diet, the
increase in LPS activates Toll-like receptor 4 (TLR4) on vagal afferent neurons, rendering them leptin resistant and
thus unable to respond to CCK, which results in hyperphagia and eventual gain in body weight.
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innervate the gut and transmit afferent information from
the gut to the brain also express leptin receptors and TLR4
(Burdyga et al. 2002; Araujo et al. 2010). Vagal afferent
terminals lie in the lamina propria and could be exposed
to relatively high levels of LPS crossing from the gut lumen.

The existence of intestinal feedback mechanisms that
can detect the presence of nutrients in the gut lumen pre-
dicts that ingestion of food will activate enteroendocrine
cells and the vagal afferent pathway to limit further food
intake and thus regulate the amount of food ingested.
For example, lipid will release CCK, which stimulates the
CCK1R on vagal afferent terminals in the lamina propria,
resulting in reflex activation of parasympathetic efferent
outflow to regulate gut and pancreatic exocrine function
and also acts to stop eating (Raybould, 2007). In response
to ingestion of a HF diet, rodents will initially regulate
their food intake to compensate for the intake of higher
caloric food, the response predicted for the maintenance
of homeostatic control of body weight. However, after
a period of time (that can vary dependent on the exact
experimental protocol), animals will overeat (i.e. become
hyperphagic) and no longer regulate the amount of food
consumed. In models of HF-diet-induced obesity, hyper-
phagia leads to an increase in body weight, adiposity
and the spectrum of downstream effects characteristic of
obesity (Covasa, 2010). This hyperphagia is associated
with a reduction in the ability of nutrients and gut
hormones, such as CCK, to activate vagal afferent neurons
(Covasa, 2010). Vagal afferent neurons express TLR4
(Hosoi et al. 2005; de Lartigue et al. 2011). We have
recently demonstrated that LPS induces a change in the
phenotype of vagal afferent neurons in short-term culture,
rendering them insensitive to leptin (de Lartigue et al.
2011). Moreover, vagal afferent neurons from rats fed
HF diets were also leptin resistant. It is well established
that leptin and CCK interact at the level of vagal afferent
neurons, and thus an inability of these neurons to response
to leptin results in a decrease in sensitivity to physiological
concentrations of CCK, exactly as described in HF-diet-fed
rats (Covasa 2010). This leptin resistance in vagal afferent
neurons occurs prior to that in hypothalamic neurons and
may therefore lead to hyperphagia and altered regulation
of food intake and body weight (Fig. 2).

In summary, the presence of intestinal inflammation,
resulting in an increase in intestinal permeability to LPS
(or other bacterial products), may lead to alteration in
the function of nerve terminals in the lamina propria,
resulting in disrupted intestinal feedback, hyperphagia
and obesity.
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