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Abstract
The colonic epithelial cells represent a border between the colon luminal content, containing notably bacteria and
a complex mixture of compounds, and the “milieu interieur” as defined by the French physiologist Claude Bernard.
The physical-chemical composition of the luminal content, including luminal pH and bacterial metabolite, that obviously
is not constant, is modified for instance according to the diet. Data obtained recently indicate that physical exercise may
also modify the colonic luminal content. Evidence has indicated that modification of the luminal content characteristics
has, indeed, consequences for the colonic epithelial cells, notably in terms of energy metabolism and DNA integrity.
Although such alterations impact presumably the homeostatic process of the colonic epithelium renewal and
the epithelial barrier function, their contribution to pathological processes like mucosal inflammation, pre-neoplasia,
and neoplasia remains partly elusive. Open questions remain regarding the individual and collective roles of luminal
changes, particularly in a long-term perspective. These questions are related particularly to the capacity of the bacterial
metabolites to cross the mucus layer before entering the colonocytes, to the concentrations of metabolites in proximity
of the colonic crypt stem cells, and to the capacity of colonocytes to detoxicate deleterious compounds, to take up and
utilize beneficial compounds.
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Background
The colonic epithelium can be viewed as a dynamic
structure with a very rapid speed of renewal. Indeed, the
colonic epithelium in mammals is renewed within few
days. Stem cells residing within the base of the crypts
are responsible for continuously producing transit cells
that undertake differentiation following a limited number of cellular divisions. This renewal is made through
highly coordinated and complex sequences of events beginning with mitosis of pluripotent stem cells situated at
the bottom of the colonic crypts. The differentiated cells
reach the surface of the colon, where they are removed
by detachment-induced apoptosis named Anoïkis. The
high division rate of stem cells and the corresponding
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high apoptotic rate of mature cells lead to the high cellular turnover of the colon epithelium. A dysfunction of
oxygen consumption or mitochondrial dysfunction may
compromise the epithelium homeostasis and consequently alters its barrier function [1].
Besides, the colonic epithelium is notably responsible
for the physiological function of water, electrolyte, and
various bacterial metabolites absorption from the lumen
to the bloodstream. This absorption is made through absorptive colonocytes which are facing the luminal content,
a complex and not fully characterized mixture of bacteria
and their metabolites, water, undigested or partially
digested dietary/endogenous compounds, particularly
from endogenous and alimentary proteins that may be
beneficial or deleterious for the epithelium, etc. Occasionally, the homeostatic processes of colonic epithelial selfrenewing, possibly associated with disruption of normal
functions, are affected, and such alterations may be associated with different physiopathological states including
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diarrhea [2], mucosal inflammation, and preneoplasic/
neoplasic lesions [3].
It is expected from the high energy consumption of
the colonic epithelial cells that mitochondrial dysfunction may have a larger impact on their metabolism and
physiology. Thus, the objectives of this mini-review are
(i) to give some examples of the impact of nutrient intake, especially dietary protein, on the characteristics of
the large intestine luminal content composition; (ii) to
give a brief overview on the effects of changes of the colonic epithelial cell luminal environment on their physiology and metabolism, with a focus on the effects of
some bacterial metabolites; (iii) to examine to what extent such changes, above the adaptive capacities of the
colonocytes, may have consequences for the gut health;
and finally (iv) to report on some recent results regarding the impact of physical exercise on the luminal environment of colonocytes.
Effects of the diet on the composition of the large
intestine luminal content

Undigested or partially digested substrates from both endogenous (digestive secretions, exfoliated cells, mucins,
etc.) and dietary sources can be metabolized by the bacteria belonging to the intestinal microbiota [4]. Dietary
intervention studies with volunteers revealed that the
macronutrient composition of the diet can impact the
composition of the large intestine luminal content. Notably, it has been shown that dietary undigestible polysaccharides increase the fecal concentration of short-chain
fatty acids (SCFA) [5], while diets with a high fat content
increase bile acid secretion in the small intestine, leading
to high fecal concentrations of microbiota-derived secondary bile acids, such as deoxycholic acid [6].
Although the digestion of alimentary protein is very efficient, approximately 90% efficiency, some nitrogenous
material originating from non-digested proteins are
transferred from the small intestine to the large intestine
[7] and are degraded by the microbiota and by residual
pancreatic enzymes to produce numeral metabolites and
gases. These gases, especially, can be beneficial or deleterious for the intestinal epithelium in a concentrationdependent way [8, 9]. High-protein diets increase the
fecal concentrations of amino acid-derived bacterial metabolites, such as branched-chain fatty acids, phenolic
and indolic compounds, hydrogen sulfide (H2S), and ammonia, among others [10]. Other parameters, such as
colonic luminal pH, may also be modified by dietary
changes. Ingestion of nondigestible carbohydrates decreases the fecal pH in adults [11], while consumption
of high-protein/low carbohydrate diets increases this
parameter [12]. Collectively, these studies indicate that
the human rectal environment (inferred from feces analysis) is depending on the dietary composition.
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Regarding the composition of the colonic microbiota,
although considered as globally stable at the individual
level [13], this composition can be, however, rapidly affected by environmental modifications, notably from
dietary origin [14]. Although modifications of luminal
bacterial metabolite composition in inflammatory bowel
diseases have been reported [15], it is often a difficult
task to determine if such modifications are causes or
consequences of these diseases. In the same line of
thinking, although intestinal microbiota dysbiosis has
been observed in colorectal cancers [16], the respective causal links between the bacterial composition/
bacterial metabolic capacity/bacterial metabolite composition and the related pathophysiological situations
remain largely elusive.
In this overall context, our mini-review will present
several changes in the luminal environment (bacterial
metabolite composition, pH, osmolarity) which have
been shown to impact, at least in vitro, the colonic epithelial cells with potential implications in digestive disease apparition and development [17].
Bacterial metabolites and colonic epithelium energy
metabolism

The gastrointestinal tract consumes 20% of the whole
body oxygen consumption while representing approximately 5% of body weight. Absorptive colonic epithelial
cells utilize energy substrates from both the luminal and
basolateral sides. Fuels from arterial origin are mainly
amino acids including L-glutamine, L-glutamate, and Laspartate, but also D-glucose [18].
SCFA (namely acetate, propionate, and butyrate) are
major luminal fuels for colonocytes. These compounds
are produced by the intestinal microbiota from undigestible polysaccharides [19] and several amino acids originating from undigested protein [20]. For instance,
butyrate plays an important role on oxygen consumption
in order to favor energy metabolism [21]. Data showing
that butyrate uptake is impaired in the inflamed colonic
mucosa. It has also been suggested that the reduction
of butyrate availability may decrease the physiological
functions of this SCFA, especially butyrate, in colonocytes [22]. In addition, to act as a luminal fuel in colonocytes, butyrate acts as a regulator of gene expression
in these cells [23] (Fig. 1).
Hydrogen sulfide, which is produced by some intestinal
bacteria from endogenous and exogenous sulfur-containing
substrates, influences colonocyte health via mitochondrial
metabolism and inflammation resolution. Evidences have
suggested that, under specific conditions such as hypoxia,
H2S contributes to generate adenosine triphosphate (ATP)
[24, 25]. Then, when oxygen is insufficient, colonocytes are
capable of obtaining energy demand via sulfide oxidation
(S2O2−
3 ). Indeed, this oxidation process is an adaptation of
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Fig. 1 Schematic representation of the microbiota-derived butyrate
metabolism and effects on colonocytes. Butyrate, which is produced
from undigested carbohydrates and some protein-derived amino
acids, diffuses through the mucus layers before entering colonocytes.
Butyrate enters the cell via MCT1 (monocarboxylate transporter 1) and
is oxidized in the mitochondria allowing ATP production. A part of
cytosolic acetyl CoA produced from butyrate is used for histone
acetylation, while unmetabolized butyrate inhibits histone deacetylase
(HDAC) activity. Increased histone acetylation then modulates gene
expression in colonocytes

colonocytes, and it involves a sulfide quinone reductase
(SQR) activity, which also contributes to colonocytes
tolerance [26]. Besides, H2S inflammatory signaling is
dependent on its concentration and colonocytes’ ability to
detoxify this gas transmitter. At low concentrations, H2S
has been shown to upregulate cyclooxygenase-2 (COX-2)
expression [27] and to reduce prostaglandin E2 synthesis,
chemokines, cytokines, and other protein expressions that
are related to factor nuclear kappa B (NF-κB) pathway [28]
(Fig. 2). COX-2 is important for maintenance of mucosal
defense in the gastrointestinal tract, as well as in inflammation resolution [27]. Hydrogen sulfide is also capable of
inhibiting phosphodiesterases via elevation of second
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messengers, such as cyclic AMP and/or cyclic GMP levels,
which contribute to its anti-inflammatory role in colonocytes and lowering blood pressure [29]. ATP-sensitive potassium channel can be activated by H2S, especially from
endogenous origin, which may attenuate pain in colonic inflammation [30] and leukocytes activation [31]. Moreover,
H2S may interfere on leukocytes adherence, notably neutrophils, in vascular endothelium and diminishes both
leukocyte recruitment and infiltration under tissue injury
condition [31]. Those cells infiltrated by neutrophils can
undergo apoptosis and be cleaned by macrophage type 2,
which have anti-inflammatory phenotype [27, 31]. Therefore, it seems that H2S, at low concentrations, plays an important role in inflammation resolution in colonocytes
through several pathways, and this resolution, in turn, may
also favor tissue repair (Fig. 2).
On the other hand, H2S as well as p-cresol and ammonia, at excessive luminal concentrations, interferes with
colonocyte respiration, at least in in vitro experiments.
Hydrogen sulfide inhibits, above a threshold value,
markedly, although in a reversible way, the colonocyte
oxygen consumption and ATP production [32] (Fig. 2).
This inhibition of cell respiration corresponds to the inhibition of the mitochondrial cytochrome C oxidase activity, one of the main components of mitochondrial
respiration [33]. At concentration where H2S inhibits
oxygen consumption in colonocytes, this gaseous compound increases the expression of several inflammationrelated genes [8]. The cytoplasmic concentration of this
agent can increase the capacity of colonocytes of detoxifyed H2S in the mitochondria and then impact gene expression in the nuclei (Fig. 2). Indeed, studies have
shown H2S detoxification impairment in patients with
Crohn’s disease [34] and also butyrate β-oxidation impairment in patients with ulcerative colitis [35]. Moreover, this metabolite was capable of supporting colonic
tumor growth through stimulation of cell bioenergetics
and cell proliferation [36]. Another bacterial metabolite,
p-cresol, which is produced from L-tyrosine by the intestinal microbiota and which is present in the feces at low
millimolar concentration, partially inhibits oxygen
consumption in colonocytes [9]. Ammonia (considered as the sum of NH+4 and NH3), which is produced
by the bacterial microbiota from amino acid deamination and hydrolysis of urea by the bacterial ureases,
is present at millimolar concentrations in the colonic
luminal content [20]. Millimolar concentrations of
ammonia dose-dependently inhibit SCFA oxidation
[37] and basal oxygen consumption in colonocytes
[38]. However, colonocytes appear to be able to face
moderate increase of ammonia luminal concentration
by metabolizing ammonia in L-glutamine and Lcitrulline, respectively, in the cytosol and mitochondria of colonocytes [39, 40].
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Fig. 2 Schematic representation of the microbiota-derived H2S metabolism and effects on colonocytes. Hydrogen sulfide (H2S) is produced from
several dietary and endogenous sulfur-containing compounds and diffuses through the mucus layers and colonocyte apical membrane. Left
panel: When H2S concentration is low, mitochondria can detoxicate it through oxidation into thiosulfate (S2O2−
3 ) via sulfide quinone reductase
(SQR) in the sulfide oxidizing unit. H2S can also be used for ATP production when oxygen (O2) is low. Moreover, H2S is able to support inflammation
resolution through inhibition of phosphodiesterases (PDE), downregulation of NF-κB pathway, and enhancement of cyclooxygenase-2
(COX-2) expression. In addition, H2S is able to activate ATP-potassium sensitive channel (KATP channel), which may be involved with
reduced pain and inflammation. Right panel: When H2S is high, thus exceeding colonocyte detoxification capacity, it inhibits mitochondrial cytochrome
c oxidase activity, leading to a decrease O2 consumption. Raised concentration of the intra-cytoplasmic H2S increases the expression of genes related
to inflammation

Then, it appears that some bacterial metabolites, such
as H2S, at a given concentration, and SCFA are regulators of colonocyte metabolism. However, when present
in the colonic luminal content at excessive concentrations, H2S, p-cresol, and ammonia can act on colonocytes as “metabolic troublemakers” by acting, mainly, on
the mitochondrial activity [41].
Possible links between physical exercise and intestinal
microbiota

We are far away from the precise mechanisms that connect exercise and intestinal microbiota. It is supported
that the exercise, especially the aerobic exercise, plays a
role on intestinal microbiota by altering parameters that
influence the intestinal microenvironment. Recently, a
paper from our laboratory concerning exercise, nutrition, and intestinal microbiota [42] was published, and
we will present below some topics.
Short-chain fatty acids

Exercise may increase acetate-, propionate-, and butyrateproducing bacteria species [43, 44]. Matsumoto et al. [45]
were the first to show that voluntary exercise in animals is

able to change SCFA production (mainly n-butyrate)
in the cecum. In addition, this study reported alteration in the cecal microbiota profile after exercise
with greater predominance of butyrate-producing bacteria species [45]. This shift in butyrate production
and bacteria composition in the exercised group was
also shown by Evans et al. [43].
The possible effect of aerobic exercise on the microbial
composition is the environment change which has been
connected to a pH decrease in the gut from SCFA production. SCFA contribute to decrease pH in the large intestine
and decrease the transformation of primary to secondary
bile acids promoting colonic acidification. Changes in the
intestinal luminal pH may modify the environment in
such way that it becomes more favorable for the proliferation of commensal bacterial species [42, 46].
After being absorbed by colonocytes, SCFA can participate in intestinal metabolism. Acetate and propionate
are preferred for other organs, while butyrate is the
major fuel for colonocytes. Specifically, butyrate can promote cell differentiation and cell cycle arrest and inhibit
the enzyme histone deacetylase, [47]. Also, butyrate can
improve mitochondrial metabolism via β-oxidation and
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AMP-activated protein kinase (AMPK) activation in
colonocytes [48].
Moreover, studies have shown that butyrate may induce mucin synthesis [49] and improve gut barrier integrity by increasing tight junction assembly [50–52].
Mucins are the protective layer consisting of glycoproteins that form the intestinal barrier which limit exposure of mucosa to toxins and bacteria. This mucin layer
has been recognized to play an important role in the
interaction with intestinal microbiota and may serve as a
substrate for intestinal bacteria, such as the commensal
species Akkermansia muciniphila. Because of this, the
mucin layer contributes to modulate the microbial community composition [52].
Butyrate production in the large intestine is associated
with production of heat shock protein 70 (Hsp70).
Hsp70 maintains the functional and structural properties
of intestinal epithelial cells in response to intense prolonged exercise [53]. Since exercise and butyrate stimulate epithelial cell Hsp70 production, this may provide
structural and functional stability to intestinal epithelial
cells undergoing unfavorable conditions.
Bile acids

Exercise has been reported to increase excretion of primary bile acids in the gastrointestinal tract. Since SCFA,
specifically butyrate (that has been reported to be increased by exercise), diminishes the conversion of bile
acids into secondary bile acids, physical activity may,
consequently, favor the rising of primary bile acids concentrations in the intestinal luminal content [54, 55].
The primary bile acids have established anti-microbial
activity [55]. In agreement with this hypothesis, Islam et
al. [56] demonstrated that cholic acid induced substantial changes in the cecal microbiome composition by
stimulating the growth of Firmicutes at the expense of
Bacteroidetes and provoked outgrowth of several
bacteria in the Clostridia and Erysipelotrichi classes.
Antimicrobial activity of the bile acids may elicit
selective pressure on the bacterial communities in
exercised mice, leading to a shift of the intestinal
microbiota composition [55, 56]. Besides, some bile
acid-tolerant microbes are sulfur-reducing bacteria,
such as Bilophila wadsworthia. In animal-based diet,
for example, this species can thrive and favors inflammation via H2S production [57].
Furthermore, secondary bile acids produced by intestinal microbiota influence mitochondrial metabolism. Intestinal microbiota can convert primary bile acids into
secondary bile acids. The latter, in turn, interacts with
mitochondria through farnesoid X receptor (FXR) and
G-coupled membrane protein 5 (TGR5) [58]. These
transcription factors regulate other proteins that are involved in fatty acid uptake and oxidation, such as
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peroxisome proliferator-activated receptor alpha (PPARα) and steroid response element binding protein 1-c
(SREBP-1c) [59].
Hence, exercise is able to modulate both butyrate and
bile acids exercise which are involved in intestinal metabolism and health homeostasis. In addition, it seems
that they can be influenced by H2S, especially when H2S
is produced via microbiota.
Bacterial metabolites and colonic epithelial cell DNA
integrity

By using the sensitive H2AX genotoxicity test, p-cresol
has been found to alter dose-dependently the DNA integrity in colonocytes without cytotoxic effects [9]. Phenol, which is produced by the intestinal microbiota from
L-tyrosine, can react with nitrite, leading to the formation of the mutagenic compound p-diazoquinone [60].
Numerous other bacterial metabolites have been identified to alter DNA integrity in colonocytes. They include the fecal pentaenes, which are produced by the
microbiota presumably from polyunsaturated ether
phospholipids, and represent potent mutagens towards
colonocyte DNA [61]. Deoxycholic acid produced in the
colon by the intestinal microbiota is also acting as a
DNA-damaging agent [62]. Acetaldehyde, which is produced from ethanol by the intestinal microbiota, is considered as a possible co-carcinogenic compound in the
rectum [63]. From these examples of genotoxic bacterial
metabolites, it is largely conceivable that long-term exposure of colonic crypt cells to excessive DNAdamaging bacterial metabolites would increase the risk
of unrepaired DNA lesions in these cells [64].
Bacterial metabolites and colonic epithelial barrier
function

Some bacterial metabolites have been suspected to
affect, either positively or negatively, the colonic epithelial barrier function. For instance, it has been proposed
that exogenous H2S, by reducing disulfide bonds in
mucus, would increase the permeability of the mucous
layer to luminal compounds, including the heme compound originating notably from red meat consumption
[65]. Interestingly, evidence has been presented indicating that altered mitochondrial function induced by
uncoupling agents in colonocytes cause intestinal barrier
dysfunction [66], raising the view that perturbed
mitochondrial function is associated with impaired epithelial integrity. Conversely, endogenous H2S may have
beneficial effects on colonic mucus production [67].
Also, the bacterial metabolite indole, which is produced
from L-tryptophan, has been shown to act as a beneficial
luminal compound by increasing epithelial cell tightjunction resistance [68]. Lastly, butyrate is also
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recognized as a bacterial metabolite which enhances the
intestinal barrier function [69].
Bacterial metabolites and pH

The pH in the human large intestine is slightly acidic in
the caecum while being close to neutrality in the left
colon and rectum [70]. The luminal pH depends on the
respective concentrations of a very complex mixture of
acidic and alkaline compounds in the large intestine.
Modifications of the luminal pH may affect colonic epithelial cell physiology. Interestingly, lower colonic luminal pH in patients with ulcerative colitis has been
observed [71]. In an experimental rodent model with
chemically induced colon carcinogenesis, lower luminal
pH is associated with higher tumor yield and increased
epithelial cell proliferation [72]. Conversely, a low pH inhibits the synthesis by the intestinal microbiota of the
DNA-damaging secondary bile acids [73]. In addition,
acidic extracellular pH has been shown to shift colorectal epithelial cell death from apoptosis to necrosis upon
exposure to short-chain fatty acids [74]. Lastly, low external pH is able to increase markedly the expression of
the multidrug resistance (MDR) protein in human colon
carcinoma cell lines [75], thus rendering these cells more
resistant to chemotherapeutic agents.
Then, it appears that a more acidic luminal pH is
associated with both beneficial and deleterious effects
on colonocytes. These effects are apparently different
according to the status of colonocytes, i.e., healthy or
neoplasic.
Physical exercise and colonic luminal content
characteristics

Recent studies strongly suggest that physical exercise
can impact the characteristics of the intestinal luminal
contents and notably the microbiota composition. Matsumoto et al. [45] were among the first to report that
physical exercise modifies intestinal microbiota composition. More recently, it has been shown that the effects
of exercise on intestinal microbiota are partly independent from dietary changes [76]. Studies have suggested
that moderate aerobic exercise may contribute to the
growth of butyrate-producing bacteria [77]. The training
status and intensity of exercise appear to impact the proliferation of specific bacteria, such as Faecalibacterium
prausnitzii, beneficial bacteria for the digestive tract
[78]. A study with human volunteers reported increased
microbiota diversity and richness in elite rugby players
when compared with control groups with low physical
activity and low or high body mass index. Interestingly,
these athlete volunteers reported high protein consumption compared to the sedentary controls and, despite of
there is no H2S-related data on this study, it seems that
exercise and diet can change intestinal microbiota
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composition orthogonally [79]. This hypothesis is also
supported by Kang et al. [80]. Also, the authors found
that trained men presented a high level of SCFA on fecal
samples when compared with sedentary men [79]. Likewise, Estaki et al. [81] analyzed the fecal microbiota of
individuals with different fitness and demonstrated that
cardiorespiratory fitness was positively correlated with
increased intestinal microbial diversity and butyrate concentrations. The authors found a microbiome enriched
in butyrate-producing bacteria, such as Lachnospiraceae,
Roseburia, and Clostridiales, and high level of butyrate
concentrations on individuals with high fitness.
So far, evidences have suggested an influence on the
intestinal environment (mainly intestinal bacteria and
their metabolites concentrations) by exercise, especially
moderate aerobic exercise (60–65% VO2max) [42–44,
50, 78, 80]. However, studies differ among themselves in
relation to the methods applied and are no data related
to the exercise effect on the luminal H2S production/
concentration.

Conclusion and future prospects
According to experimental studies with animal models
and colonocytes, there is no doubt that changes in
the luminal environment of colonic epithelial cells,
and notably high concentrations of several bacterial
metabolites, impact major aspects of their physiology
and metabolism. Notably, such high concentrations of
individual bacterial metabolites impact colonocyte energy metabolism, intestinal barrier, and inflammatory
resolution and DNA integrity.
Several crucial unresolved questions remained, notably
those related to the genotoxic effects of several bacterial
metabolites in close vicinity with the colonic crypt stem
cells, a parameter difficult to measure for obvious technical reasons. Indeed, since the crypt stem cells appear to
be the cells at the origin of colorectal cancer [82, 83], the
identification of the luminal compounds at the origin of
mutations in these cells, as well as the threshold of concentrations above which genotoxic effects are observed,
represents important parameters to be determined.
Another important point to take into consideration
is related to the capacity of the bacterial metabolites
to cross the mucus layers before entering colonocytes
through the brush-border membranes. As a matter of
fact, much experimental studies have been performed
with colonocytes directly exposed to bacterial metabolites dissolved in the incubation medium. From that
point of view, intraluminal colonic instillation of bacterial metabolites in anesthetized animals represents
an experimental design which is closer to the physiological situation [8].
Finally, by better identifying the changes in the luminal
environment, which are associated with both dietary
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modifications and/or physical exercise and which increase or decrease the risk of alteration of the normal
process of colonic/rectal epithelia renewal and functions,
it will become possible to intervene rationally for limiting the risk of pathology from inflammatory and neoplasic type in these anatomical parts of the intestine.
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