Dietary, Exercise, and Other
Influences on Inflammatory
Bowel Disease




Colon epithelial cells luminal environment
and physiopathological consequences:
impact of nutrition and exercise

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 bacteria
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 num-
ber of cellular divisions. This renewal is made through
highly coordinated and complex sequences of events be-
ginning 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 Anoikis. The
high division rate of stem cells and the corresponding

high apoptotic rate of mature cells lead to the high cellu-
lar turnover of the colon epithelium. A dysfunction of
oxygen consumption or mitochondrial dysfunction may
compromise the epithelium homeostasis and conse-
quently alters its barrier function [1].

Besides, the colonic epithelium is notably responsible
for the physiological function of water, electrolyte, and
varjous bacterial metabolites absorption from the lumen
to the bloodstream. This absorption is made through ab-
sorptive 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. Occasion-
ally, the homeostatic processes of colonic epithelial self-
renewing, possibly associated with disruption of normal
functions, are affected, and such alterations may be associ-
ated 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 dysfunc-
tion 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 in-
take, 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 co-
lonic epithelial cell luminal environment on their physi-
ology and metabolism, with a focus on the effects of
some bacterial metabolites; (iii) to examine to what ex-
tent 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 regard-
ing the impact of physical exercise on the luminal envir-
onment of colonocytes.

Effects of the diet on the composition of the large
intestine luminal content

Undigested or partially digested substrates from both en-
dogenous (digestive secretions, exfoliated cells, mucins,
etc.) and dietary sources can be metabolized by the bac-
teria 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. Not-
ably, it has been shown that dietary undigestible polysac-
charides 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 sec-
ondary bile acids, such as deoxycholic acid [6].

Although the digestion of alimentary protein is very ef-
ficient, 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 dele-
terious for the intestinal epithelium in a concentration-
dependent way [8, 9]. High-protein diets increase the
fecal concentrations of amino acid-derived bacterial me-
tabolites, such as branched-chain fatty acids, phenolic
and indolic compounds, hydrogen sulfide (H,S), and am-
monia, among others [10]. Other parameters, such as
colonic luminal pH, may also be modified by dietary
changes. Ingestion of nondigestible carbohydrates de-
creases 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 ana-
lysis) is depending on the dietary composition.

Regarding the composition of the colonic microbiota,
although considered as globally stable at the individual
level [13], this composition can be, however, rapidly af-
fected 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 respect-
ive causal links between the bacterial composition/
bacterial metabolic capacity/bacterial metabolite com-
position 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 epi-
thelial cells with potential implications in digestive dis-
ease apparition and development [17].

Bacterial metabolites and colonic epithelium energy
metabolism

The gastrointestinal tract consumes 20% of the whole
body oxygen consumption while representing approxi-
mately 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 L-
aspartate, 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 undigest-
ible polysaccharides [19] and several amino acids origin-
ating 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 colono-
cytes [22]. In addition, to act as a luminal fuel in colo-
nocytes, 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,
H,S contributes to generate adenosine triphosphate (ATP)
[24, 25]. Then, when oxygen is insufficient, colonocytes are
capable of obtaining energy demand via sulfide oxidation
(S,0%). 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
(HDAQ) 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, H,S inflammatory signaling is
dependent on its concentration and colonocytes’ ability to
detoxify this gas transmitter. At low concentrations, H,S
has been shown to upregulate cyclooxygenase-2 (COX-2)
expression [27] and to reduce prostaglandin E, synthesis,
chemokines, cytokines, and other protein expressions that
are related to factor nuclear kappa B (NF-kB) pathway [28]
(Fig. 2). COX-2 is important for maintenance of mucosal
defense in the gastrointestinal tract, as well as in inflamma-
tion resolution [27]. Hydrogen sulfide is also capable of
inhibiting phosphodiesterases via elevation of second

messengers, such as cyclic AMP and/or cyclic GMP levels,
which contribute to its anti-inflammatory role in colono-
cytes and lowering blood pressure [29]. ATP-sensitive po-
tassium channel can be activated by H,S, especially from
endogenous origin, which may attenuate pain in colonic in-
flammation [30] and leukocytes activation [31]. Moreover,
H,S may interfere on leukocytes adherence, notably neu-
trophils, 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]. There-
fore, it seems that H,S, at low concentrations, plays an im-
portant 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, H,S as well as p-cresol and ammo-
nia, 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 in-
hibition' of the mitochondrial cytochrome C oxidase ac-
tivity, one of the main components of mitochondrial
respiration [33]. At concentration where H,S inhibits
oxygen consumption in colonocytes, this gaseous com-
pound increases the expression of several inflammation-
related genes [8]. The cytoplasmic concentration of this
agent can increase the capacity of colonocytes of detoxi-
fyed H,S in the mitochondria and then impact gene ex-
pression in the nuclei (Fig. 2). Indeed, studies have
shown H,S detoxification impairment in patients with
Crohn’s disease [34] and also butyrate [B-oxidation im-
pairment in patients with ulcerative colitis [35]. More-
over, 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 intes-
tinal microbiota and which is present in the feces at low
millimolar concentration, partially inhibits oxygen
consumption in colonocytes [9]. Ammonia (consid-
ered as the sum of NH; and NHj3), which is produced
by the bacterial microbiota from amino acid deamin-
ation 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 L-
citrulline, respectively, in the cytosol and mitochon-
dria of colonocytes [39, 40].
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Fig. 2 Schematic representation of the microbiota-derived H,S metabolism and effects on colonocytes. Hydrogen sulfide (H,S) is produced from
several dietary and endogenous sulfur-containing compounds and diffuses through the mucus layers and colonocyte apical membrane. Left
panel: When H,S concentration is low, mitochondria can detoxicate it through oxidation.into thiosulfate (5,0%7) via sulfide quinone reductase
(SQR) in the sulfide oxidizing unit. H,S can also be used for ATP production when oxygen (O,) is low. Moreover, H,S is able to support inflammation
resolution through inhibition of phosphodiesterases (PDE), downregulation ‘of NF-kB pathway, and enhancement of cyclooxygenase-2
(COX-2) expression. In addition, H-S is able to activate ATP-potassium-sensitive channel (Kate channel), which may be involved with
reduced pain and inflammation. Right panel: When H,S is high, thus exceeding colonocyte detoxification capacity, it inhibits mitochondrial cytochrome
¢ oxidase activity, leading to a decrease O, consumption. Raised concentration of the intra-cytoplasmic H,S increases the expression of genes related
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Then, it appears that some bacterial metabolites, such
as H,S, at a given concentration, and SCFA are regula-
tors of colonocyte metabolism. However, when present
in the colonic luminal content at excessive concentra-
tions, H,S, p-cresol, and ammonia can act on colono-
cytes 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 con-
nect 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, nutri-
tion, and intestinal microbiota [42] was published, and
we will present below some topics.

Short-chain fatty acids

Exercise may increase acetate-, propionate-, and butyrate-
producing 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 alter-
ation in the cecal microbiota profile after exercise
with greater predominance of butyrate-producing bac-
teria 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 produc-
tion. 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 prolifera-
tion of commensal bacterial species [42, 46].

After being absorbed by colonocytes, SCFA can par-
ticipate in intestinal metabolism. Acetate and propionate
are preferred for other organs, while butyrate is the
major fuel for colonocytes. Specifically, butyrate can pro-
mote cell differentiation and cell cycle arrest and inhibit
the enzyme histone deacetylase, [47]. Also, butyrate can
improve mitochondrial metabolism via B-oxidation and



AMP-activated protein kinase (AMPK) activation in
colonocytes [48].

Moreover, studies have shown that butyrate may in-
duce mucin synthesis [49] and improve gut barrier integ-
rity by increasing tight junction assembly [50-52].
Mucins are the protective layer consisting of glycopro-
teins that form the intestinal barrier which limit expos-
ure 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 com-
munity 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 pro-
longed exercise [53]. Since exercise and butyrate stimu-
late 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 pri-
mary bile acids in the gastrointestinal tract. Since SCFA,
specifically butyrate (that has been reported to be in-
creased by exercise), diminishes the conversion of bile
acids into secondary bile acids, physical activity may,
consequently, favor the rising of primary bile acids con-
centrations 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 substan-
tial 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 inflam-
mation via H,S production [57].

Furthermore, secondary bile acids produced by intes-
tinal microbiota influence mitochondrial metabolism. In-
testinal 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 in-
volved in fatty acid uptake and oxidation, such as

peroxisome proliferator-activated receptor alpha (PPAR-
a) 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 me-
tabolism and health homeostasis. In addition, it seems
that they can be influenced by H,S, especially when H,S
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 in-
tegrity in colonocytes without cytotoxic effects [9]. Phe-
nol, which is produced by the intestinal microbiota from
L-tyrosine, can react with nitrite, leading to the forma-
tion of the mutagenic compound p-diazoquinone [60].
Numerous other bacterial metabolites have been iden-
tified to alter DNA integrity in colonocytes. They in-
clude 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 pro-
duced from ethanol by the intestinal microbiota, is con-
sidered as a possible co-carcinogenic compound in the
rectum [63]. From these examples of genotoxic bacterial
metabolites, it is largely conceivable that long-term ex-
posure of colonic crypt cells to excessive DNA-
damaging 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 epithe-
lial barrier function. For instance, it has been proposed
that exogenous H,S, by reducing disulfide bonds in
mucus, would increase the permeability of the mucous
layer to luminal compounds, including the heme com-
pound originating notably from red meat consumption
[65]. Interestingly, evidence has been presented indicat-
ing 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 epi-
thelial integrity. Conversely, endogenous H,S 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 tight-
junction resistance [68]. Lastly, butyrate is also



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 epi-
thelial cell physiology. Interestingly, lower colonic lu-
minal 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 in-
hibits the synthesis by the intestinal microbiota of the
DNA-damaging secondary bile acids [73]. In addition,
acidic extracellular pH has been shown to shift colorec-
tal epithelial cell death from apoptosis to necrosis upon
exposure to short-chain fatty acids [74]. Lastly, low ex-
ternal 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. Mat-
sumoto et al. [45] were among the first to report that
physical exercise modifies intestinal microbiota compos-
ition. More recently, it has been shown that the effects
of exercise on intestinal microbiota are partly independ-
ent 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 pro-
liferation 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 consump-
tion compared to the sedentary controls and, despite of
there is no H,S-related data on this study, it seems that
exercise and diet can change intestinal microbiota

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]. Like-
wise, 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 con-
centrations. 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% VO,max) [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 H,S 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 en-
ergy 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 tech-
nical 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 con-
centrations 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 metabo-
lites dissolved in the incubation medium. From that
point of view, intraluminal colonic instillation of bac-
terial metabolites in anesthetized animals represents
an experimental design which is closer to the physio-
logical situation [8].

Finally, by better identifying the changes in the luminal
environment, which are associated with both dietary



modifications and/or physical exercise and which in-
crease 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 limit-
ing the risk of pathology from inflammatory and neopla-
sic type in these anatomical parts of the intestine.



High salt diet exacerbates colitis in mice by
decreasing Lactobacillus levels and

butyrate production

Abstract

Background: Changes in hygiene and dietary habits, including increased consumption of foods high in fat, simple
sugars, and salt that are known to impact the composition and function of the intestinal microbiota, may explain the
increase in prevalence of chronic inflammatory diseases. High salt consumption has been shown to worsen autoimmune
encephalomyelitis and colitis in mouse models through p38/MAPK signaling pathway. However, the effect of high salt
diet (HSD) on gut microbiota and on intestinal immune homeostasis, and their roles in determining vulnerability
to intestinal inflammatory stimuli are unknown. Here, we investigate the role of gut microbiota alterations induced by
HSD on the severity of murine experimental colitis.

Results: Compared to control diet, HSD altered fecal microbiota composition and function, reducing Lactobacillus sp.
relative abundance and butyrate production. Moreover, HSD affected the colonic, and to a lesser extent small intestine
mucosal immunity by enhancing the expression of pro-inflammatory genes such as Racl, Map2ki, Map2ké, Atf2, while
suppressing many cytokine and chemokine genes, such as Cel3, Ccl4, Cxcl2, Cxcr4, Cer7. Conventionally raised mice fed
with HSD developed more severe DSS- (dextran sodium sulfate) and DNBS- (dinitrobenzene sulfonic acid) induced colitis
compared to mice on control diet, and this effect was absent in germ-free mice. Transfer experiments into germ-free
mice indicated that the HSD-associated microbiota profile is critically dependent on continued exposure to dietary salt.

Conclusions: Our results indicate that the exacerbation of colitis induced by HSD is associated with reduction in
Lactobacillus sp. and protective short-chain fatty acid production, as well as changes in host immune status. We
hypothesize that these changes alter gut immune homeostasis and lead to increased vulnerability to inflammatory insults.

Keywords: Salt, NaCl, Western diet, Colitis, Microbiota, Lactobacillus, Butyrate, MAPK-pathway

Background

The prevalence of chronic inflammatory diseases, such
as multiple sclerosis (MS), rheumatoid arthritis, diabetes,
and inflammatory bowel disease (IBD), has been steadily
increasing over the past half-century [1]. Although
multiple genetic factors have been identified to contribute
to the risk of developing these disorders, genetic drift
alone cannot explain the rapid increase in prevalence
within this relatively short time interval [2]. Therefore,
environmental factors, particularly related to dietary and

hygiene habits, have been proposed as disease modifiers
[3, 4]. The relationship between dietary habits and the
increased prevalence of intestinal inflammatory disorders
is of particular interest. Consumption of highly caloric
processed foods, high in fat and simple carbohydrate
content, and low in fiber content, has been steadily
increasing in the “western world,” where the incidence of
chronic inflammatory diseases is the highest [5, 6]. Strong
epidemiological evidences support the concept that diet
underpins the rise in chronic inflammatory diseases such
as IBD, diabetes, or asthma [3, 5, 6]. However, the exact
mechanisms by which specific dietary changes increase
susceptibility to inflammatory diseases, and whether they
are indeed mediated by changes in microbiota composition
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or function, are still unclear. Previous studies have shown
that a high fat diet may have a direct pro-inflammatory
effect, increasing the production of pro-inflammatory cyto-
kines TNFq, IL-1f, and IL-6 [7]. Others have shown direct
interactions between animal fat consumption, altered bile
acid metabolism, and specific alteration in the gut micro-
biota, leading to increased colitis severity [8]. However,
one characteristic element in the western diet that has
been overlooked until recently is its high salt (sodium
chloride, NaCl) content.

NaCl has been shown to induce pathogenic Th17 cells
(IL-17-producing T-helper cells) in both human and
mice naive CD4" cell cultures in vitro. Mice receiving a
salt-enriched diet developed a more severe form of
experimental autoimmune encephalomyelitis (EAE), an
animal model of MS, mediated by IL-17A and RORyt
expressing Th17 cells [9, 10]. Interestingly, high NaCl
intake has been associated with increased disease activity
in MS patients [11]. Moreover, a longitudinal clinical
study showed that high NaCl intake increases circulating
monocytes and levels of plasma cytokines such as IL-6
and IL-23 [12]. A recent study has shown that exposing
human lamina propria mononuclear cells (LPMC) to
high concentrations of NaCl enhances TNF-a and IL-
17A release in a p38-dependent manner, and that feeding
mice a salt-enriched diet exacerbates experimental colitis
[13]. While all these studies suggest a promoting role of
high salt diet in driving a pro-inflammatory state,  the
underlying mechanisms are still not fully understood.

We hypothesized that a high salt diet impacts inflam-
mation via the interaction with the gut microbiota. In
fact, it is well established that diet determines the
composition [14—16] and function [17, 18] of the gut
microbiota. It has been recently shown that diet low in
dietary fiber may be causing irreversible changes in gut
microbiota with some species disappearing over genera-
tions [19]. Given that gut microbiota composition has
been implicated in the pathophysiology of multiple
immune-related disorders, such as IBD, diabetes, or
asthma [20], and taking into account that diet shapes
the gut microbiota, we investigated the ability of high
salt diet (HSD) to modulate gut microbial composition
and metabolism, and to influence vulnerability to intes-
tinal inflammatory stimuli.

Methods

Mice

Six- to eight-week-old specific pathogen-free (SPF) male
C57BL/6 mice (obtained from Taconic) were housed at
the animal facility of McMaster University under 12 h
light/dark cycles and standard conditions for temperature
and humidity. All mice received irradiated control diet
(7004, Teklad, with 20% of calories from protein, 29%
from fat, and 51% from carbohydrates, containing 0.4%

Na and 0.7% Cl) and sterile tap water ad libitum upon
arrival. Experiments started 1 week after arrival in the
central animal facility to allow the animals to habituate to
the novel environment. Mice were then divided into two
groups: (1) control diet—mice were fed with control diet
for the entire course of the experiment; (2) HSD (high salt
diet)—mice received the same diet supplemented with 4%
NaCl (custom ordered from Teklad), plus 1% NaCl sterile
water, ad libitum, during 4 weeks. For germ-free (GF)
mice experiments, C57BL/6 mice were re-derived in
McMaster Axenic Gnotobiotic Unit (AGU) by two-stage
embryo transfer and kept in dedicated isolators during the
entire course of the experiment. For the microbiota-
transfer experiment, GF mice were colonized by oral
gavage with 200 pl of cecal microbiota from a mouse fed
with control diet or HSD and housed in dedicated
individually ventilated racks.

DNA isolation and 16S rRNA lllumina sequencing

DNA was extracted from 100 mg of fecal content
samples using the MagMAX DNA Multi-sample kit and
the MagMAX Express-96 well magnetic particle processor
(Thermofisher, Waltham, MA, USA) to achieve an auto-
matic ‘and_standardized DNA extraction across samples.
Briefly, fecal samples were mechanically homogenized
with 2.8 mm ceramic beads (MoBio, Carlsbad, CA, USA;
an additional 0.2 g of 0.1 mm glass beads were added),
100 pl of guanidine thiocyanate-EDTA-N-lauroyl sarco-
sine, and 800 pl of 200 mM NaPO,. Samples were homog-
enized for 3 min at 300 rpm and were centrifuged 5 min
at maximum speed. 200 pl of the extract was added to the
MagMAX Express plate for further DNA extraction pro-
cedures according to manufacturer’s instructions. Isolated
DNA was kept at — 20 °C (or — 80 °C for longer storage).
Polymerase chain reaction (PCR) amplification of the
variable 3 (V3) region of the 16S rRNA gene was
performed as previously described [21, 22]. Purified PCR
products were sequenced using the Illumina MiSeq plat-
form by the McMaster Genomics facility. Of note, we lost
two samples during processing; one from baseline group
and one from 4 weeks HSD group. The 16S rRNA sam-
ples metadata table is available in Additional file 1.

lllumina sequencing processing and analysis

Custom, in-house Perl scripts were developed to process
the sequences after Illumina sequencing [23]. The sllp
pipeline is open source and publicly available at https://
bitbucket.org/fwhelan/sl1p. Briefly, Cutadapt [24] was
used to trim any over-read, and paired-end sequences
were aligned with PANDAseq [25], with a 0.7 quality
threshold. If a mismatch in the assembly of a specific set
of paired-end sequences was discovered, they were
culled. In addition, any sequences with ambiguous base
calls were also discarded. Operational taxonomic units
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(OTUs) were picked using AbundantOTU+ [26], with a
clustering threshold of 97%. Taxonomy was assigned
using the Ribosomal Database Project (RDP) classifier
v.2.2 [27] against the Greengenes SSU reference database
(2013 release) [28]. For all downstream analysis, we used
Quantitative Insights Into Microbial Ecology (QIIME)
[29]. We obtained a total of 2,839,134 reads after quality
filtering, with an average of 76,733.351 reads/sample
(range 34,470 to 144,746). OTU tables were filtered to
exclude “root” and any OTU with less than 10 sequences
in all samples, and finally rarefied to 30,000 reads/sam-
ple (OTU table is available in Additional file 1). Calcula-
tions of within-community diversity (a-diversity),
between-community diversity (B-diversity), relative abun-
dance taxonomic summaries, and the different statistical
analyses were preformed using QIIME (scripts “alpha_rare-
faction.py” and “beta_diversity_through_plots.py,” respect-
ively). The relationships between HSD and microbiota
phylogeny were explored using Principal Coordinate
Analysis on unweighted UniFrac metrics and abundance
Jaccard index (“beta_diversity_through_plots” script, QIIME),
and the dissimilarity distance between the diet groups was
tested using ANOSIM statistical method (“compare_cate-
gories” script, QIIME). For relative abundance taxonomic
summaries and further statistical analysis, OTUs with a
representation of less than 0.1% in the community were
excluded. The correlations between fecal microbiota
composition (at the highest taxonomic levels (family and
genus) and at OTU level) and the diet were assessed by
Spearman’s rank correlation coefficient with fisher z-trans-
formation p value assignment method, using the “observa-
tion_metadata_correlation” script (QIIME), based on the
attribution of a ranked value to the variable “Weeks of NaCl
in diet”, from “0” to “4.” The “wash out” group was ranked
“0.” PICRUSt [30] was used to predict the altered KEGG
pathways based on the 16S sequencing data. L3 KEGG path-
ways correlation with length of HSD was calculated based
on Spearman’s correlation using Prism GraphPad 6
(GraphPad software). Heatmaps were generated using the
Heatmaps2 package (gplot) for R (version 3.3.2) (See R
code script in Additional file 2). In the microbiota-transfer
experiment, the OTUs were considered successfully trans-
ferred when present with an average of 2 reads or higher.

Short-chain fatty acids (SCFA) quantification

SCFA were quantified as previously published [31, 32].
Briefly, 20-50 mg of frozen cecal content was collected
into a tube; previously treated with methanol. The cecal
samples were diluted 1:1 (w:v) with HCI 3.7% (10x diluted)
and homogenized. Then 10 ul of internal standards and
500 pl of diethyl ether were added to the samples, and the
tubes vortexed for 15 min. The extract (400 pl) was
transferred to a clean tube. This step was repeated until we
obtained a total of 800 ul of diethyl ether-fecal extract,

60 ul of which was then transferred to a chromato-
graphic vial with 20 pl of N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA). The organic extract-
MTBSTFA was incubated at room temperature for at least
1 h, before being analyzed using the GC-MS Agilent
6890 N GC coupled to Agilent 5973 N Mass Selective
Detector, with the column DB-17HT (30 m x 0.25 mm ID,
0.15 mm film).

Experimental colitis

Additional groups of 6- to 8-week-old specific pathogen-
free (SPF) male C57BL/6 mice (obtained from Taconic)
and NIH Swiss mice (obtained from Harlan) were
housed at the animal facility of McMaster University as
described above. After a period of 4 weeks on HSD or
control diet, mice were given 3.5% dextran sodium
sulfate (DSS, MW 36-50 kDa; MP Biomedicals, Santa
Ana, CA, USA) in drinking water for 5 days followed by
regular water for the next 2 days. HSD mice were
switched to control diet before starting DSS administration.
Body weight and general health condition were assessed
daily. At day 7, mice were euthanized and the colon was
blindly evaluated using a previously validated score [33, 34].
Briefly, the colon was evaluated for muscle thickness,
hyperemia and erythema, presence of blood in the stools,
and stool formation (For details, see Additional file 2). Con-
trol mice (no DSS) received only water during the entire
procedure. For germ-free (GF) mice, the DSS dose had to
be lowered to a 2% solution due to their higher sensitivity
to experimental colitis. For the microbiota adoptive transfer
experiments in ex-germ free mice a 2.5% DSS solution was
used, starting 5 days after colonization.

For Dinitrobenzene sulfonic acid (DNBS)-colitis, mice
were anesthetized with isoflurane (3%) and were injected
with 1 ml of saline subcutaneously. A custom-made
polyester catheter was introduced 3.5 c¢cm into the
rectum and 100 upl of 50% EtOH containing 3.5 mg of
DNBS (MP Biomedicals, Santa Ana, CA, USA) was
injected. From that day, all mice received control diet
with normal water containing 6% sucrose to prevent
dehydration. At day 3 post-DNBS, mice were euthanized
and blindly evaluated using a validated DNBS-colitis
macroscopic score [35]. The colon was evaluated for
adhesion to surrounding tissue, thickness, hyperemia,
erythema, and stool consistency. Mucosal ulcers were
quantified and measured (for details see Additional file 2).
Mice from control group (no DNBS-colitis) were rectally
injected with a 50% EtOH solution.

Tissue processing

Blood was collected via orbital bleeding and centrifuged
at 5000 rpm for 10 min. The serum was separated and
stored at —80 °C. The colon (full length, from the
rectum to the cecum) was excised and measured.



Colonic content was removed and 0.5-1.0 cm sections
were dissected from mid-colon and either snap-frozen in
liquid N, for MPO analysis, stored in RNA later
(Ambion) for RNA extraction, or fixed in 10% buffered
formalin for histology assessment (from the border of an
ulcer when present). MPO was performed on frozen
tissues as previously described [36], and its activity
expressed in units per milligrams of tissue. For histology,
colonic sections were embedded in paraffin, 48 h after
being fixed in 10% formalin solution, and were stained
with hematoxylin and eosin (H&E). Inflammation was
blindly evaluated following an inflammation histology
scoring system (see Additional file 2).

Gene expression

Total RNA was extracted and purified using RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to manu-
facturer’s instructions, including the DNA removal step
using the RNase-Free DNase Set (Qiagen). NanoString
nCounter Gene Expression CodeSet for mouse inflam-
mation genes (v2; 248 genes) and a custom CodeSet
panel that included 68 genes related to immune, gut
barrier, and neurobiology functions (see Additional file 2)
were run according to manufacturer’s instructions
(NanoString Technologies Inc., Seattle, WA, USA). Data
from nCounter was analyzed using nSolver 2.5 software
(Nanostring Technologies Inc.) (Nanostring raw counts
are provided in Additional file 3). The log2 ratios of gene
expression were then uploaded into Ingenuity Pathway
Analysis software (Qiagen) for further analysis. For Q-PCR
gene expression, cDNA library was generated using the
SuperScript III First-Strand Synthesis System (Invitrogen,
Carlsbad, CA, USA), according to manufacturer’s instruc-
tions, using Oligo-dT primers (Qiagen). Additional infor-
mation on the primers is provided in Additional file 2.

Immune cells extraction
Mesenteric lymph nodes (mLN) were harvested aseptically,
and the cells were released from the nodes using a 70-um
strainer with the help of a syringe plunger, and were
suspended in RPMI medium. After washing, the cells were
kept in complete RPMI medium on ice until further use.
Colonic and small intestinal (SI) lamina propria (LP)
cell extraction was performed using established proto-
cols [37]. Briefly, colon and SI were removed and kept in
cold sterile Dulbecco’s phosphate-buffered (DPBS) solution
until further processing. All fatty tissue, content, and the
payer’s patches were removed. Sections of intestine were
open longitudinally, were cut into 0.5-1 cm pieces, and
were incubated in 2 mM Dithiothreitol (DTT)/Hank’s
solution (HBSS) on a horizontal shaker (240 rpm) for
15 min at 37 °C to remove the mucous layer. After vigorous
vortexing, the tissues were strained with a sterile metal
strainer and were incubated with a 5 mM EDTA/HBSS

solution for 10 min at 37 °C (240 rpm) to remove the
epithelial layer. After vigorous vortexing, the tissues were
strained once again. This epithelial removal step was
repeated 3—4 times. After removing the EDTA solution, the
tissues were digested in 0.1% Collagenase solution (type
VIII; Sigma-Aldrich, St. Louis, MO, USA) and DNAse (I
recombinant, grade I; Roche, Basel, Switzerland; 0.05 mg/
50 ml of digestion solution) to aid the release of the LP
cells (15 min for SI and 25 min for colon, 37 °C). Superna-
tants were strained through a 40-um cell strainer to separ-
ate LP cells from the remaining intestinal tissue and were
washed thoroughly. The cell suspension was then purified
by Percoll (GE Healthcare, Chicago, IL, USA) density
gradient method. Briefly, the cell suspension was re-
suspended in 35% Percoll solution and underlayed with a
solution of 70% Percoll. The tubes were centrifuged at 4 °C,
670 G, for 30 min (without break and with slow acceler-
ation). The purified cell suspension was removed from the
interphase, was washed, and was resuspended in complete
RPML For LP cells gene expression, the cell suspension
was resuspended in RLT buffer (RNeasy Mini Kit, Qiagen)
and was snap-frozen in liquid nitrogen.

Flow cytometry

Cells. isolated from mLNs, colon LP and SI LP were
divided into two groups for intracellular staining: (1)
anti-IL17A + anti-RORyt; and (2) anti-FoxP3. Cells of
the first group were stimulated for 4-5 h at 37 °C with
PMA (50 ng/ml), ionomycin (750 ng/ml; both from
Sigma-Aldrich), in the presence of 10 pg/ml of Brefeldin
A (BD Biosciences, San Jose, CA, USA), to activate
IL17A expression. After this period, all cells were
washed with PBS solution and were stained for cell
viability with Fixable Viability Dye eFluor® 780 (1:1000;
eBiosciences, San Diego, CA, USA) for 30 min at RT.
Cells were then stained with the following extracellular
antibodies: anti-TCRb-PerCP-Cy5.5 (1:100; H57-597
clone; eBioscience) and anti-CD4 + -Pacific Blue (1:200,
RM4-5 close, BD Biosciences) for 30 min at 4 °C. Cells
were fixed and permeabilized with FoxP3 Fixation/
Permeabilization Concentrate and Diluent (eBioscience)
according to manufacturer’s instructions and were
stained for 90 min at 4 °C, with the following intracellu-
lar antibodies: anti-IL17A-APC (1:100; TC11-18H10.1
clone, Biolegend, San Diego, CA, USA) and anti-RORyt-
PE (1:100; AFKJS-9 clone; eBioscience); or anti-FoxP3-
FITC (1:100; FJK-16s clone; eBioscience). The data was
acquired on LSR II cytometer (BD Bioscience) and was
analyzed with FlowJo software (10.2 version) (TreeStar,
Ashland, OR, USA).

Statistical analysis
Data analysis was carried out using GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA). Student’s ¢ test,



multiple ¢ test, one-way ANOVA, or two-way ANOVA
were used as appropriate. For ANOVA, samples were
corrected for multiple comparisons using Tukey’s test.
For Nanostring data, including heatmaps, the statistical
analysis was carried out using nSolver 2.5 software
(Nanostring Technologies). Heatmaps were generated
using Euclidean distance metric based on group average.
P <0.05 was considered as statistically significant. Values
are presented as means + SEM. The raw data of all ex-
periments is available in Additional file 1.

Results

HSD alters gut microbiota composition

To investigate the impact of HSD on gut microbiota
composition, we analyzed intestinal microbiota dynamics
of mice fed with HSD for 4 weeks, with a follow-up at
1 week after the mice returned to the control diet. While
fecal bacterial richness (observed species) and diversity
(Chaol diversity index) were not affected during the
HSD, both a-diversity metrics decreased at 1 week
follow-up (Additional file 4: Figure S1). Despite some
variability within groups, we observed a significant
modulation of fecal bacteria composition with time
exposure to HSD, based on the phylogenetic distance
metric unweighted UniFrac (UnwUF) and the non-
phylogenetic abundance weighted Jaccard distance (AJac)
(ANOSIM of UnwUEF: R=0.416, p =0.001; ANOSIM of
AJac: R=0.283, p=0.003) (Fig. 1a, Table 1). 1 week of
HSD was not sufficient to significantly modulate the
microbiota, but 4 weeks of HSD led to a significant shift
in the composition, as revealed by ANOSIM pairwise
analysis (UnwUF: R =0.480, p =0.004; AJac: R=0.036,
p =0.008; Table 1). Interestingly, 1 week after returning to
the control diet, fecal microbiota composition partially
reverted to its original composition based on unweighted
and weighted UniFrac metrics (Fig. la, Table 1 and
Additional file 4: Figure S2).

In order to better understand the impact of HSD on
the microbial community, we studied the correlation
between HSD exposure and the taxonomic composition
at genus and OTU level. Four bacterial genera were
found to significantly correlate with HSD (Fig. 1b, c,
Additional file 4: Table S1). Lactobacillus genus showed
the strongest correlation by decreasing 2-fold of its rela-
tive abundance after 4 weeks of HSD and quickly nor-
malizing after returning to the control diet (r=-0.703,
q=0.003). An unclassified genus belonging to the order
Clostridiales also decreased relative abundance over 1-
fold after 4 weeks of HSD and partially normalized
1 week after returning to control diet (r=-0.605,
q=0.017). Finally, unclassified genera belonging to the
Lachnospiraceae family and the Oscillospira genus showed
a positive correlation with HSD (r=0.614, g=0.017
and r=0.548, ¢=0.042, respectively) (Fig. 1b, c,

Additional file 4: Table S1). Similarly, three fecal OTUs
correlated with time of exposure to HSD (Fig. 1c,
Additional file 4: Table S2): OTU #3, belonging to the
genus Lactobacillus (r=-0.707, q=0.005), OTU #9,
belonging to the order Clostridiales (r = — 0.684, g = 0.005),
and OTU #25, belonging to the family Lachnospiraceae
(r=10.609, g = 0.027).

To test the stability of fecal microbiota and rule out
spontaneous changes in microbial profiles during this
age period, we analyzed microbiota composition in an
additional group of control mice fed with control diet.
There were no spontaneous changes in the microbiota
genus affected by HSD such as Lactobacillus, Oscillospira
and unclassified genus from Clostridiales and Lachnospi-
saceae, between weeks 8 and 12, in mice on control diet
(Additional file 4: Figure S3). However, the microbiota
profiles of mice on HSD and control diet clustered separately
at both time points, likely consequence of the cage effect
and low number of mice (Additional file 4: Figure S3).

HSD affects predicted microbial metabolic activity and
luminal SCFA levels

To investigate whether the differences in fecal micro-
biota ‘composition induced by HSD could impact its
metabolic ‘activity, we assessed inferred metagenomic
KEGG pathways using PICRUSt [30]. Multiple pathways
appeared to be affected, with three of them being
strongly upregulated by HSD, including “fatty acid
metabolism,” “lysine degradation,” and “arginine and
proline metabolism,” while “fructose and mannose
metabolism” was downregulated (Fig. 1d). As HSD
altered the relative abundance of several OTUs and
genera of major SCFAs producers such as Lachnospiraceae,
Clostridiales, and Oscillospira, and PICRUSt predicted
changes in the metabolism of fatty acids, we sought to
quantify luminal SCFA in mice on HSD. Out of the seven
SCFA tested, only butyrate levels were significantly
affected, showing a decrease after 4 weeks of HSD (Fig. le).
We also observed a decrease in lactic acid concentration;
however, this change did not reach statistical significance.
Taken together, these results show that HSD modulates
both composition and function of the gut microbiota.

HSD modulates colonic and small intestinal immune gene
expression

We subsequently tested whether the HSD-induced
changes in gut microbiota were affecting host’s gut
mucosal homeostasis. We assessed gene expression
profile of colonic lamina propria immune cells with
nCounter Mouse Inflammation V2 Panel (Nanostring).
HSD altered the expression of 35 genes (p<0.05) in
mouse colonic lamina propria cell extract, with 11
transcripts being significantly upregulated and 24 being
downregulated (Fig. 2a, b; See Additional file 4: Table S3
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(See figure on previous page.)

Fig. 1 High salt diet alters gut microbiota composition and function. a Principal coordinate analysis (PCoA) plots of unweighted UniFrac metric
(left panel) and abundance Jaccard index (right panel) of fecal microbiota composition over time exposed to HSD. Gray arrows indicate the direction
of the significant microbiota composition that shifts between groups. b Summary of the relative abundance of microbial genera present in 99.9% of
the community overtime exposure to HSD. ¢ Relative abundance of fecal bacterial genera (left panel) and OTUs (right panel) that significantly correlate
with HSD (g < 0.05). The blue background represents the period exposed to HSD. d Heatmap of the 20 most significant KEGG pathways that correlate
with HSD in fecal microbiota. @ SCFA quantification at 0 and 4 weeks after HSD. Un. G (Unclassified Genus). AA (acetic acid), PrA (propionic acid), IbuA
(isobutyric acid), BA (butyric acid), IvaA (isovaleric acid), PeA (pentanoic acid), LA (lactic acid). Values are presented as means + SEM. n = 5-6 mice/group. *p < 005

for the full list of affected genes). Some of these genes
were selected for validation by q-PCR (Fig. 2c). A
considerable part of the affected transcripts were chemo-
kines, cytokines, or their receptors (Additional file 4: Table
S3). Among these, the cytokine IL-7 and the receptor IL-
1rap were upregulated by HSD (0.47 and 0.19 log?2 ratio,
respectively), while all other cytokines and chemokines
were downregulated. Of note, we observed the downregu-
lation of several chemokines (and chemokine receptors)
important for the chemotaxis of monocytes/macrophages,
dendritic cells, neutrophils, and NK cells, such as Ccl3,
Ccl4, Cxcl10, Cxcl2, Ccr7, and Cxcr4d (Additional file 4:
Table S3), indicating a possible impairment of their migra-
tion. The most significant change observed was the upreg-
ulation of Racl (Ras-related C3 botulinum toxin substrate
1) transcript (log2 ratio =0.41, p =0.0001), a member of
Rho family GTPases with broad functions, from innate
immunity processes to leukocyte chemotaxis and barrier
function.

In order to identify possible functional pathways
affected by HSD we integrated our gene expression data
with publicly available databases results using Ingenuity
Pathway Analysis (IPA) bioinformatics platform. The
upregulation of the genes Map2k6, Map2kl, Mapk3,
Atf2, and ILlrap was predicted by IPA to stimulate
several pro-inflammatory canonical pathways such as
“acute phase response signaling,” IL-6, and Mapk signaling
(Additional file 4: Table S4). The roles of macrophages
and IL-17 signaling were also strongly predicted to be
affected by HSD (Additional file 4: Table S4 ). Even though
IL-17A cytokine itself was not found to be significantly

Table 1 ANOSIM statistical analysis of distance metrics on the
effect of HSD on fecal microbiota composition

Unweighted UniFrac  Abundance Jaccard

index

ANOSIM  ANOSIM  ANOSIM  ANOSIM

R p R p
All groups 0416 0.001 0.283 0.003
Baseline vs 1 week HSD 0.144 0.133 0.211 0.108
Baseline vs 4 weeks HSD 0480 0.004 0.360 0.008
Baseline vs wash out 0.341 0.034 0.197 0.106
1 week HSD vs 4 weeks HSD  0.277 0.052 0.528 0.006
4 weeks HSD vs wash out  0.525 0.007 0.075 0.237

affected by HSD in lamina propria colonic cell extracts,
IPA identified multiple genes related to IL-17 signaling to
be affected, such as Mapk3, Map2kl, Map2k6, and the
transcription factor Atf2 (all upregulated), as well as
Cxcl10, Hras, and Ptgs2 (all downregulated). When
analyzing functions affected by HSD in the colon, IPA
predicted downregulation of leukocyte migration and
movement (Fig. 2d, Additional file 4: Table S5). This was
expected since HSD suppressed the expression of many
chemokines and cytokines responsible for immune cells
chemotaxis. On the other hand, the functions related to
leukocyte viability and maturation were predicted to be
upregulated, based on the expression of genes like IL-7,
Map2kl, and Mapk3 (Fig. 2d, Additional file 4: Table S5).

Although the focus of our study was the effect of HSD
on .colonic microbiota and immune function, we also
assessed its effect on small intestine recognizing that
that ‘most of the Na® and CI” is absorbed in this
compartment. We observed a significant change in the
expression of 11 genes (p < 0.05), including the upregulation
of IL17A and Defa-rsl, as well the downregulation of IL12a
and Cxcr4 (Additional file 4: Figure S4 and Table S6). Only
two genes (Cxcrd and Mef2c_Mm) were affected similarly
in both colonic and small intestinal lamina propria cell ex-
tracts, emphasizing the distinct nature of the immune mi-
lieu of each gut compartment. IPA identified three
canonical pathways related to bacteria recognition, toll-like
receptors and IL-17 signaling to be most affected in the
small intestine (Additional file 4: Table S7). While
“recruitment of leukocytes” (z=0.196, p =4.01E-05) was
upregulated, “proliferation of lymphocytes” (z = - 2.398,
p = 5.44E-06) was downregulated.

HSD increases RORyt*IL17* T-cells in mLNs but not in
intestinal lamina propria

To better understand the effect of HSD on lymphocyte
function, we phenotyped T-cell populations in the small
intestinal and colonic lamina propria and in mesenteric
lymph nodes (mLNs) using flow cytometry. HSD led to
a 2-fold increase of RORyt'IL17A" cells in the mLNs
but not in small intestinal or colonic lamina propria
(Additional file 4: Figure S5A). However, we consistently
observed a mild but not statistically significant increase
of this cell population in the colon across all experi-
ments. No change was observed in the expression of
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cell viability and maturation

Fig. 2 High salt diet modulates immune expression in colonic lamina propria. a Volcano plot of gene expression in colonic lamina propria total cell
extract of mice receiving HSD or control diet for 4 weeks, n =9 mice/group. Pink dots: genes with p <0.01. Blue dots: genes with 0.01 < p < 0.05, fold
change > 2. b Heatmap of immune genes that changed with HSD (p < 0.05). Based on group average, Euclidean distance metric. ¢ gRT-PCR analysis of
differentially expressed genes in the two groups. Values are presented as means + SEM, n = 5-6 colon/group, *p < 0.05, **p < 0.01, #p < 0.001, yp = 0.065.
d Gene-cell function networks obtained from Ingenuity Pathway Analysis. On the left, network with the genes that contribute to the predicted inhibition
of functions related to immune cell migration, and, on the right, network with the genes that contribute to the predicted upregulation of the immune

IFNy by CD4+ T-cells in mice on HSD (data not
shown), nor in the frequency of CD4"FoxP3" T-cells,
even though, for the latter, we noticed a small increase
of this cell type across tissues in all experiments
(Additional file 4: Figure S5B). Taken together, these
results show that HSD affects the gut mucosal
immune compartment.

HSD exacerbates DSS colitis

To investigate how the changes in gut microbiota and
immune function affect vulnerability to inflammatory
insults, we used DSS and DNBS colitis models. We
confirmed that mice on HSD developed a more severe
DSS colitis when compared to mice on control diet, as
previously described [13], characterized by an increased
rectal bleeding, diarrhea, and general inflammation of
the colonic tissue (Fig. 3a). HSD induced higher weight
loss on day 5 of DSS administration, when compared to
DSS mice on control diet, a difference that was main-
tained until the end of the experiment, on day 7 (Fig. 3b),
indicating an accelerated onset and increased severity of
colitis. Colon shortening, normally used as indicator of
colitis severity, was greater in HSD mice compared to
control diet mice (Fig. 3c). MPO activity, reflecting
neutrophil infiltration, was increased 2-fold in the colon
of mice on HSD after DSS administration when
compared to mice on control diet (Fig. 3d). Furthermore,
there was a significant difference in mortality between
the two groups, with 5% of mice on control diet meeting
the endpoint criteria prematurely, while this number
increased to 19% in mice on HSD (Fig. 3e).

To better understand the immune responses during
DSS colitis, we assessed the expression of a group of
genes related to immune and barrier function using a
customized Nanostring gene expression codeset (see list
of genes in Additional file 2). HSD altered the expression
of nine genes in the colon of mice on DSS, when
compared to DSS mice on control diet (Fig. 3f). HSD
decreased expression of genes involved in the maintenance
of mucosal barrier such as Tjpl (tight junction protein
Z0O-1), Muc2 (Mucin 2), Tff3 (trefoil factor 3), and Ocln
(Occludin). On other hand, HSD mice had an increased
expression of MMP9 (Matrix Metalloproteinase 9) and
Cnlp (Cathelcidin-related antimicrobial peptide), genes
expressed by innate immune cells such neutrophils and

macrophages and previously described to be over-
expressed in gut inflammatory conditions [38, 39]. HSD
also reduced expression of two genes strongly expressed
by epithelial cells: F2rll (protease activated receptor 2)
and 5-HT (serotonin). This finding might be a conse-
quence of the severe epithelial damage observed in colitis.
Thus, the altered gene expression profile supports the
notion that HSD exacerbates DSS colitis.

These results were reproduced using another mouse
strain; NIH Swiss mice also developed a more severe
DSS colitis after 4 weeks of HSD, confirming that HSD
induces susceptibility to experimental colitis in multiple
mouse strains (Additional file 4: Figure S6).

HSD exacerbates DNBS-colitis

To .confirm the increased sensitivity to colonic inflam-
mation in mice on HSD, we used the DNBS model.
Similar to the DSS colitis model, we chose a concentra-
tion of DNBS that would induce a mild form of colitis
(3.5 mg of DNBS/mouse), in order to appreciate the
effect of diet on worsening of experimental colitis.
Similar to the results obtained with DSS-induced colitis,
mice that were previously exposed to a 4-week HSD
developed more severe colitis after rectal injection of
DNBS (Fig. 4a). HSD mice had higher number of ulcers
that were larger in size, when compared to control diet
mice. Figure 4b, ¢ shows that HSD mice developed
ulcers that affected the entire colonic wall, up until the
serosa with large clusters of cellular infiltrates, and, in
some cases, a total loss of the epithelial layer. Strikingly,
while none of the control diet mice met the endpoint
criteria to be euthanized at this mild DNBS concentration,
the mortality of HSD mice after DNBS administration
reached 25% (Fig. 4d). Taken together, these results show
that HSD exacerbates both DSS- and DNBS-colitis.

HSD exacerbates experimental colitis in a gut microbiota-
dependent manner

We hypothesized that HSD exacerbates colitis through
induction of gut dysbiosis as it decreases levels of beneficial
bacteria, such as Lactobacillus, and decreases butyrate, a
SCFA important for gut immune homeostasis and
previously shown to be protective in colitis. To test this
hypothesis, we administered 2% DSS to germ-free (GF)
mice after 4 weeks of HSD. DSS administration induced



Colitis score Body weight
fiiid
E ##
4 " Control
HSD
34 = - Control+DSS
2 - HSD+DSS
o 2
§ 27 g
£
11 ks
=®
0 Q =] S
& ¥ FF -
S o ime (days)
$ \2{9
&
b d MPO e Survival
Colon length
——
8' - *%k
—— #it 8 T 100 —
gy #
[0} 4
61 * Z 6 8
§ 5 € 601
. 4 [}
5 4 g ! S 40{ ——Dss
S 2 3 = HSD+DSS
2 1 S 21 1
S 20
0- T T 0 - T 0 — T
4 5 6 7
O P P P P P 01 2 3
& ¥ 0 Time (days)
© &L O
& X S X
f - oo
- M « [a il alla)
o oo + + o+
+ + + O 0 0
O 0O o T T T
Log2 g
(ratio) P-value

Muc2 | 573 | 0.049
TH3 6.18 | 0.035
Fart | 253 | 0.027
Ocin | -2.88 | 0.020
Casp8| -0.8 0.041
5HT -6.81 | 0.007
Tip1 112 | 0.008
Cnlp 402 | 0018

MMP9 23 0.046

Fig. 3 High salt diet exacerbates DSS colitis. a DSS colitis macroscopic scores at endpoint (day 7) in four groups of mice: control (control diet, no DSS),
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DSS colitis. f Heatmap of differentially expressed genes (p < 0.05) in the colon of mice with DSS colitis: C + D (control diet+DSS), HS + D (HSD + DSS).
The heatmap was generated based on group average using Euclidean distance metric. Colitis scores, weight change, colon length, and MPO are
presented as means + SEM; n = 8-9 mice/group. *p < 0.05, **p < 0.01, #p < 0.001, ##p < 0.0001
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res at endpoint (day 3) in four groups of mice: control (control diet, 50%

colitis in GF mice (Fig. 5a, b), with increase in macroscopic
scores and decreased colon length compared to control
mice not exposed to DSS. However, there were no differ-
ences in macroscopic scores, colon length, MPO, or hist-
ology scores between GF mice on HSD and those on
control diet after DSS-colitis (Fig. 5a—d). We assessed the
expression of a group of relevant genes using a custom-
ized Nanostring gene expression codeset. DSS administra-
tion altered expression of 25 genes in GF mice on control
diet (Additional file 4: Table S8) that were related to im-
mune, barrier, and neural function such as Mapkl, Nfkb1,
CDl11c, and GABA B, confirming that the administration
of DSS altered gut physiology, even in the absence of
microbiota. However, out of the 68 tested genes, only 1
gene, Reg3y, was found to be differentially expressed be-
tween HSD and control diet groups after DSS adminis-
tration (log2 ratio=-1.15; p=0.032). These results
suggest that the colonic microbiota is a key factor in
exacerbation of colitis by HSD.

To test whether HSD-associated microbiota alone can
confer increased vulnerability to inflammatory insult, we
transferred the microbiota from mice on HSD or control
diet to GF mice. The recipient mice received control diet
during the entire course of the experiment and were
exposed to 1 cycle of DSS, starting at day 5 post-
colonization (Fig. 6a). We observed no differences in
colitis severity, including weight loss, colon length, and
macroscopic scores between the two groups of mice
(Fig. 6f—h). However, when analyzing the fecal micro-
biota profiles, we found that prior to DSS administra-
tion, both groups of recipient mice had similar microbial
profiles, closer to control donor, based on abundance
Jaccard index (Fig. 6b, c). Further analysis has confirmed
that there were no differences between the microbiota
genera of both recipient groups (Additional file 4: Table
$10), including genera affected by HSD such as Lactoba-
cillus (Fig. 6d). When analyzed in detail, the OTUs
successfully transferred from control diet-microbiota
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Fig. 5 The effect of high salt diet on exacerbation of colitis is dependent
on gut microbiota. a DSS colitis macroscopic scores at endpoint (day 7)
in three groups of mice: control (no DSS colitis), DSS (control diet, DSS in
water), HSD + DSS (high salt diet, DSS in water). b Colon length of mice
at endpoint. ¢ Colonic MPO. d Histological scores of the DSS colitis.
Values are presented as means + SEM; n = 3-6 mice/group. *p < 0.05,
**p <0071. e Heatmap of the gene expression of 68 genes related to
immune, gut barrier, and neural function, in the colon tissue of germ-
free mice after DSS administration, on control diet or HSD: C + D (control
diet + DSS), HS + D (HSD + DSS). The heatmap was generated based on
group average using Euclidean distance metric

accounted for 98.0% of the entire donor’s community,
while the OTUs from HSD-microbiota accounted for
75.9% of the donor’s microbiota community (Table 2).
From the 15 most abundant OTUs of each microbiota-
type, that accounted for 99% of control diet microbiota
and 95% of HSD microbiota, we verified that only 7
OTUs from HSD microbiota were detected in the recipient
mice, while from control diet-microbiota 12 OTUs were
present (Fig. 6e, Table 2). These results demonstrate that a
significant proportion of the HSD OTUs did not success-
fully colonize the gut of recipient mice when these were
fed control diet, suggesting that a constant exposure to
high levels of NaCl in the diet is necessary to maintain the
HSD signature microbiota profile. Taken together, similar
colitis severity observed in the two microbiota-similar
recipient groups supports our hypothesis that microbiota
composition and function is a major determinant of colitis
severity.

Discussion

In addition to host genetic make-up, environmental
factors such as diet and microbiota composition have
been shown to play a crucial role in the development of
inflammatory diseases. Here, we show that high content
of NaCl in diet modulates gut microbiota composition
and function, namely, decreasing the relative abundance
of Lactobacillus spp and levels of the SCFA butyrate,
promoting a pro-inflammatory state in the gut. We
demonstrate that the gut microbiota is a key mediator in
the exacerbation of experimental colitis by HSD,
supported by the fact that the detrimental effect of HSD
was not observed in GF mice.

To understand the impact of HSD in the modulation
of gut microbiota, we fed mice with a diet supplemented
with 4% NacCl for 4 weeks and analyzed fecal microbiota
dynamics during and after HSD. The NaCl concentration
employed here simulates the concentration of a typical
high salt diet [13, 40], which was shown to exacerbate the
development of several immune disorders in mice [9, 10,
13]. Importantly, 4 weeks of 4% NaCl diet do not affect
mouse blood pressure [9]. HSD altered gut microbiota
composition and function, mainly decreasing colonic
Lactobacillus spp. relative abundance and SCFA butyrate
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Fig. 6 HSD-signature microbiota requires constant exposure to high salt diet for its maintenance. a Experimental design. b Principal coordinate analysis
(PCoA) of abundance Jaccard index from fecal microbiota composition data. ¢ Summary of the relative microbial genera present in 99.9% of the community.
Un. G (Undlassified Genus). d Relative abundance of Lactobacillus genus. e Total read count of each OTU present in the indicated donor fecal microbiota (in
green triangles). Orange dots indicate the OTUs that were present in recipient mice at day 5 post-colonization. The horizontal dashed line separates the 15
most abundant OTUs from the others. f Body weight during DSS administration. g Macroscopic scores of DSS colitis at endpoint. h Colon length at endpoint

levels, two factors that have been implicated in the
maintenance of a healthy gut physiology. This is in agree-
ment with a very recently published study by Wilck et al.
showing that high salt diet alters gut microbiota, mainly
by decreasing levels of Lactobacillus murinus, leading to
induction of T helper 17 cells [41] and that supplementation
with L. murinus can abrogate the pro-inflammatory effect
of HSD. In addition to butyrate, lactic acid also appeared to
decrease after HSD, although not significantly. Interestingly,
it has been shown that lactic acid is used by some butyrate-
producing bacteria for the production of high concentra-
tions of butyric acid [42], thus it is plausible that the
decrease observed in Lactobacillus spp. is, at least in part,
indirectly responsible for the significant decrease of butyric
acid. Several species of Lactobacillus genus have been
shown to play a role in host’s gut mucosal immune and
barrier function [43]. A recent study showed that Lactoba-
cillus reuteri ameliorates colitis in mice by increasing the
colon mucus thickness [44]. Butyrate plays an essential role
in gut homeostasis as it serves as the primary energy source
for colonocytes and is important for maintaining tissue
barrier function [45]. Moreover, it has been directly impli-
cated in colonic Tregs' differentiation [46, 47], intestinal
macrophage function [48], and colonic inflammation down-
regulation [49]. Furthermore, a recent study has shown that
butyrate deficiency is directly associated with colitis [50],
while small clinical studies have shown that butyrate treat-
ment improves colitis [51, 52].

We hypothesized that the changes in gut microbiota
driven by HSD, in the absence of any additional inflam-
matory insult, would affect intestinal immune homeosta-
sis. Our data revealed a strong impact of HSD on
mucosal immunity, both in the colon and small intes-
tine. Even though Na® and Cl™ ions are thought to be
absorbed in the small intestine, HSD had a stronger
impact in the colon, when considering the number of
affected genes (35 genes in the colon and 11 genes in
the small intestine). This is in line with a recent study

Table 2 OTU count analysis of microbiota transplant experiment

# of OTUs
Total from  Successfully Transferred from 15
donor transferred to most abundant OTUs
recipient
CTL microbiota 103 43 (98.0%)" 12

HSD microbiota 134 43 (75.9%)" 7

“Coverage of the donor microbiota community based on read counts

showing that HSD increased sodium luminal concentra-
tion in the colon but not in the small intestine [53],
which may partially explain the different impact of HSD
on small intestinal and colonic mucosal immunity.

Many of the altered genes were related to immune cell
trafficking, cell viability, and signal transduction elements.
Racl gene, which was increased by HSD, has been associ-
ated with ulcerative colitis in many studies. Several poly-
morphisms that lead to the increase of Racl expression
have been shown in patients with UC [54] and Racl is the
target of a commonly used IBD treatment azathioprine
[55]. Moreover, mice with a Racl conditional deletion in
neutrophils and macrophages are resistant to DSS-colitis,
showing reduced neutrophil migration and reduced levels
of IL1p and KC [54]. Furthermore, the genes Mapk3,
Map2kl, -Map2k6, Atf2, and Hrasl, together with Racl,
were also integrated by IPA to be part of the upregulated
“LPS-stimulated MAPK signaling” as well as part of other
MAPK-related canonical pathways (Additional file 4:
Table S7). This is of particular interest, not only because
MAPK signaling pathway has been shown to be induced
by NaCl [9, 10, 13], but also because microbiota-derived
molecules such as LPS, flagellin, DNA, RNA, and others
can lead to the activation of MAPK signaling pathways by
selectively binding to various pattern recognition recep-
tors on innate immune cells [56, 57]. In agreement with
previous reports, we found that IL-17 signaling pathway
was predicted to be affected by HSD in both colonic and
small intestine tissues [9, 10, 13].

Surprisingly, we found that HSD downregulated the
expression of multiple chemokines, cytokines, and its
receptors in the colonic lamina propria. This was unex-
pected considering that previous studies have shown
that NaCl induces macrophage chemotaxis in vitro [58]
and that macrophages infiltrate the skin of rodents fed
with HSD in response to the storage of Na" in this
organ, a mechanism important to maintain interstitial
electrolyte and volume homeostasis [59]. However,
several other studies have shown downregulation of the
expression of chemokine receptors in neutrophils and
other granulocytes, upon TLR engagement in a p38-
MAPK signaling-dependent manner, with cells remaining
partially functionally competent; a potential mechanism
regulating cell positioning and activation [60, 61].
Considering that HSD induced changes in colonic micro-
biota and upregulation of MAPK signaling pathways in the
colon, it is conceivable that the observed downregulation of



chemokine receptors and other molecules is a result of
mucosal granulocytes TLR engagement. Downregulation of
cytokines and chemokines could compromise the colonic
immune barrier and promote a pro-inflammatory response
or impaired resolution of inflammation after the intestinal
injury induced by DSS and DNBS.

To investigate the effect of HSD-induced alterations in
mucosal immune function and gut microbiota, we used
two different models of experimental colitis. We confirmed
that HSD exacerbates colitis in mice [13] and showed
enhanced colonic barrier disruption after DSS in mice fed
with HSD. In fact, Ocln and ZO-1, two components of the
tight junction (TJ]) structure, were significantly downregu-
lated, as well as Muc2, a protein secreted by goblet cells
(GC) and essential for the structure of the mucus layer in
the intestine, and Tff3, also mostly expressed by GC, with
a key role in mucus layer stability and mucosal repair [62].
On the other hand, Mmp9 and Cnlp were upregulated in
HSD mice after DSS-colitis. Even though Cnlp has been
proposed to have a protective role [63], the level of this
peptide has been shown to be elevated in DSS colitis and
patients with ulcerative colitis [64, 65]. Mmp9 is markedly
elevated in intestinal tissues of IBD patients, and it has
been proposed to be a biomarker of disease activity [66—
68]. Mmp9 is also elevated in DSS colitis and has been
shown to contribute to the severity of colitis by increasing
intestinal epithelial T] permeability [68]. Cnlp and Mmp9
are highly expressed by active neutrophils; therefore, their
upregulation could also reflect the increased infiltration of
these cells in the inflamed colonic tissue of HSD mice after
DSS administration. We reproduced the colitis results in a
different mouse strain and showed that HSD leads to a
similar exacerbation of DSS colitis in NIH Swiss as in
C57BL/6 mice, suggesting that HSD-mediated exacerbation
of experimental colitis is independent of mouse genotype.
Further supporting our results, several studies have recently
reported increased severity of colonic inflammation not
only in models of chemically induced colitis [13, 69], but
also in IL-10 KO mice, which spontaneously develop
colitis, and in Salmonella typhimurium infected mice, while
on HSD [53].

In order to test whether gut microbiota plays a role in
the HSD-dependent exacerbation of gut injury, we
induced DSS colitis in GF mice. While DDS induced
colitis in both groups of germ-free mice, there was no
worsening of the colonic inflammation in mice fed a
HSD. This suggests that the increased susceptibility to
colitis induced by a HSD is critically dependent on the
presence of the microbiota. In subsequent experiments,
we found no difference in colitis severity when transfer-
ring gut microbiota from SPF mice on a HSD into germ-
free recipients. Although seemingly counterintuitive, the
results are in accordance with our previous data as we
found that at the beginning of DSS administration

(5 days post-colonization), the microbiota of all recipient
mice had converged to a similar profile, regardless of the
donor microbiota. This is in sharp contrast with our SPF
mice experiment, where we observed a marked dysbiosis
prior to commencing DSS and subsequently worse
colitis in mice previously on high salt diet. In our trans-
fer experiment, most of the abundant OTUs from the
control diet donor were transferred to the recipient mice
while only a minority of abundant HSD donor OTUs
were detected in the recipient mice. These differences in
microbiota profiles could be partially attributed to
technical issues, including freezing and thawing, and
exposure to oxygen, as we did not use fresh cecal
content samples for colonizations. However, we believe
that the major factor accounting for this difference was
the fact that recipient mice were given control diet,
which did not allow establishment of HSD microbiota
profiles. Thus, the microbiota transfer experiment
supports the notion that HSD-induced dysbiosis, and its
altered metabolic activity, is a major determinant of the
sensitivity to inflammatory insult in this model and that
a constant exposure to HSD is necessary to maintain the
“pro-inflammatory” microbiota profile.

Even though it has been previously shown that NaCl
can directly affect immune cells in vitro, we hypothesize
that these direct effects do not play a major role in our
in'vivo model. Taking into consideration that (i) dysbio-
sis, including the depletion of Lactobacillus and butyr-
ate, is known to affect mucosal immune homeostasis,
and that (ii) the mucosal milieu in the colon, which har-
bors the highest microbial density along the GI tract,
was more affected by HSD than small intestine, and that
(iii) multiple immune pathways affected by HSD are
strongly modulated by microbial products, we hypothesize
that changes in the immune system are a consequence of
the disruption of the gut microbiota by HSD. This notion
is further supported by the lack of changes in colonic
mucosal immune milieu in germ-free mice on HSD
(Additional file 4: Table S9).

Taken together, this study provides an example of how
environmental factors, such as diet, play a key role in
shaping gut microbial communities that influence host
physiology and predisposition to disease.

Conclusion

We have demonstrated that consumption of a diet with
high salt content results in alteration of gut microbiota
composition and function that may be pro-inflammatory
by virtue of the loss of Lactobacillus spp. and reduced
production of the protective SCFA butyrate. Our findings
indicate that the maintenance of the pro-inflammatory
microbiota is dependent on a continued high salt intake
and is associated with changes in gut immune homeostasis,
predisposing mice to the development of a more severe



form of experimental colitis. Our study suggests that high
concentrations of dietary salt, similar to those found in the
western diet, contribute to the increased prevalence of
chronic inflammatory disorders through microbiota-
dependent mechanisms. This finding has implications for
the management of patients with IBD and other inflamma-
tory disorders and should be further investigated as it
provides an easy candidate for dietary therapeutic
interventions.
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A probiotic complex, rosavin, zinc,
and prebiotics ameliorate intestinal
inflammation in an acute colitis mouse model

Abstract

Background: An altered gut microbiota balance is involved in the pathogenesis of inflammatory bowel disease (IBD),
and several probiotic strains are used as dietary supplements to improve intestinal health. We evaluated the thera-
peutic effect of 12 probiotics in combination with prebiotics, rosavin, and zinc in the dextran sodium sulfate (DSS)-
induced colitis mouse model.

Methods: The probiotic complex or the combination drug was administered orally to mice with DSS-induced colitis,
and the body weight, disease activity index, colon length, and histopathological parameters were evaluated. Also, the
combination drug was applied to HT-29 epithelial cells, and the expression of monocyte chemoattractant protein 1
(MCP-1) was evaluated by real-time polymerase chain reaction.

Results: Administration of the combination drug attenuated the severity of DSS-induced colitis. Moreover, the
combination drug significantly reduced the levels of the proinflammatory cytokines tumor necrosis factor-a, inter-
leukin (IL)-6, IL-13, and IL-17, and significantly increased the levels of Foxp3 and IL-10 in colon sections. Additionally,
treatment with the combination drug reduced MCP-1 expression in HT-29 cells. Treatment with the combination drug
decreased the levels of a-smooth muscle actin and type | collagen compared with vehicle treatment in mice with
DSS-induced colitis.

Conclusion: These results suggest that the combination of a probiotic complex with rosavin, zinc, and prebiotics
exerts a therapeutic effect on IBD by modulating production of pro- and anti-inflammatory cytokines and the devel-
opment of fibrosis.

Keywords: Inflammatory bowel disease, Gut microbiota, Probiotics, Fibrosis
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Background

Inflammatory bowel disease (IBD), which comprises
Crohn’s disease (CD) and ulcerative colitis (UC), is a
chronic, progressive, and destructive inflammatory con-
dition of the gastrointestinal tract caused by multiple
genetic and environmental factors [1]. The pathogenesis
of IBD is related to a breakdown of intestinal homeo-
stasis, which results in uncontrolled immune responses
to the gut microbiota by intestinal epithelial cells and
immune cells, leading to complications, such as per-
forating ulcers and fibrosis [2-5]. Intestinal fibrosis is a
common complication and a nonspecific feature of IBD.
Increased deposition of collagen causes excessive fibrosis,
progressive tissue architectural distortion, dysfunctional
wound healing, and luminal narrowing [6, 7].

The interplay between the microbiota and immune
cells is important in the pathogenesis of IBD [8]. Interleu-
kin (IL)-17-producing Th17 cells are involved in mucosal
immune responses [9, 10]. The IL-17 mRNA level is
increased in inflamed mucosa from IBD patients, and the
disease severity of IBD is correlated with the IL-17 level
in peripheral blood mononuclear cells from UC patients
[11, 12]. Furthermore, IL-17 deficiency does not cause
colonic inflammation in IBD animal models [13, 14]. T
regulatory (Treg) cells play roles that are the opposite
of those played by Th17 cells in autoimmune diseases,
including in IBD [15]. Treg cells maintain immune-
cell homeostasis by suppressing the functions of other
immune cell types, particularly Th17 cells. IL-10, which
is secreted by Treg cells, is essential for intestinal homeo-
stasis; indeed, IL-10 deficiency leads to the spontaneous
development of colitis in mice [16].

Probiotics are live microorganisms that benefit host
health when administered in adequate amounts [17].
Probiotics promote maintenance of the gut barrier func-
tion and modulation of the host immune system; there-
fore, dietary supplements containing probiotics may be
beneficial for IBD [18-20]. Lactobacillus, Bifidobacte-
rium, and Enterococcus strains are commonly used as
probiotics [21-23].

A prebiotic is a non-viable food substance that con-
fers a health benefit on the host by promoting selective
growth of beneficial bacteria and is associated with mod-
ulation of the intestinal microbiota [24]. A synbiotic, a
mixture of a probiotic and prebiotic, has the advantages
of both probiotics and prebiotics [25, 26].

In this study, we combined 12 probiotics with prebiot-
ics, rosavin (extracted from Rhodiola rosea L.), and zinc.
The therapeutic effect of this combination drug in mice
with dextran sodium sulfate (DSS)-induced colitis was
investigated. The combination drug modulated the pro-
duction of both proinflammatory cytokines (IL-6, IL-1(,
and IL-17) and an anti-inflammatory cytokine (IL-10) in

mice with DSS-induced colitis. Furthermore, the combi-
nation drug ameliorated intestinal fibrosis.

Methods

Mice

Eight-week-old male C57BL/6 mice were purchased
from Orient Bio Inc. (Seongnam, Korea). The animals
were housed under specific pathogen-free conditions at
the Institute of Medical Science of the Catholic Univer-
sity of Korea and were maintained under controlled tem-
perature (21-22 °C) and light (12/12-h light/dark cycle)
conditions. The mice were fed standard mouse chow and
water. All experimental procedures were approved by the
Department of Laboratory Animals, Institutional Animal
Care and Use Committee (IACUC) of the School of Med-
icine, the Catholic University of Korea and conformed
with all National Institutes of Health (USA) guidelines
(Permit number: CUMC 2016-0244-01).

Probiotic complex, prebiotics, rosavin and zinc

The probiotic complex (Lot#171121), prebiotics (Chicory
fiber, Lot#RCRRW6ARWG6), and rosavin (Lot#88843)
were purchased from CNS Pharm Korea Co., Ltd
(Seoul, Korea). The probiotic complex comprises Lac-
tobacillus -acidophilus, Lactobacillus casei, Lactobacil-
lus fermentum, Lactobacillus paracasei, Streptococcous
thermophilus, Bifidobacterium longum, Bifidobacterium
bifidum, Bifidobacterium breve, Lactobacillus rhamno-
sus, Lactobacillus plantarum, Lactobacillus helveticus,
and Lactobacillus salivarius. The probiotic complex was
resuspended in saline at 25 mg/mL and killed by heat-
ing at 80 °C for 30 min. Zinc was purchased from Sigma-
Aldrich (MO, USA, #205532).

Induction of colitis and drug administration

C57BL/6 mice were divided into three groups (5 mice
in each group) and were group-housed in cage. Groups
of mice were administrated 3% DSS (MP Biomedicals,
Santa Ana, CA, USA) in drink water. To measure the
amount of DSS consumption, DSS-dissolved drink-
ing water (3% DSS) was replaced daily and measure the
amount left of drinking water. Each mouse drank about
15 mL of 3% DSS water during the 4 days. Mice were ran-
domly assigned to three groups (n = 5/group) as follows:
Vehicle-treated mice were administered DSS in drinking
water. Probiotics complex-treated mice were adminis-
tered the probiotics complex (100 mg/mouse) in drinking
water, and combination drug-treated mice were admin-
istered the probiotics complex, prebiotics, zinc, and
rosavin (100 mg/mouse; probiotics complex [1.25 mg],
prebiotics [15 mg], zinc [3 mg], and rosavin [20 mg]) daily
beginning 3 days after DSS administration. Body weight
and disease activity index (DAI) score were monitored



daily. Data are representative of two independent experi-
ments with similar results.

Assessment of inflammation

The severity of colitis was assessed daily by determin-
ing the percentage body weight change and DAIL The
DAI was calculated as described previously [27]. Body
weight loss (score: 0, none; 1, 0-5%; 2, 6—10%; 3, 11-15%;
4, 16-20%; 5, 21-25%; and 6, 26—30%), stool consist-
ency (score: 0, normal stools; 1, soft stools; and 2, liquid
stools), and rectal bleeding (score: 0, negative fecal occult
blood; 1, positive fecal occult blood; and 2, visible rectal
bleeding) were assessed daily in each mouse.

Histopathological analysis

Colon tissue Sections (5-pm thick) were fixed and
embedded in 10% (v/v) neutral-buffered formalin
(Sigma-Aldrich, St. Louis, MO). Histological analysis was
performed on H&E stained colitis tissue and scored by
two experimenters in a blinded fashion. Stained sections
were examined under a photomicroscope (Olympus,
Tokyo, Japan) (magnifications: 100x). The histological
scoring system was used for evaluation of the degree of
colitis [28]. Loss of epithelium, crypt damage, depletion
of goblet cells, and infiltration of inflammatory cells were
assessed in these sections. Histological evaluation and
scoring of loss of epithelium (0, no loss of epithelium; 1,
0-5% loss of epithelium; 2, 5-10% loss of epithelium; and
3, > 10% loss of epithelium), crypt damage (0, no damage;
1, 0-10% loss of crypt; 2, 10—-20% loss of crypt; 3, > 20%
loss of crypt), depletion of goblet cells (0, none; 1, mild; 2,
moderate; and 3, severe), and infiltration of inflammatory
cells (0, none; 1, mild; 2, moderate; and 3, severe) were
performed. Total histological score were ranged from 0
to 12.

Immunohistochemistry

Sections were treated with 3% (v/v) H,O, in methanol
to block endogenous peroxidase activity. Immunohisto-
chemistry was performed using the Envision Detection""
kit (DAKO, Glostrup, Denmark, #5007). Tissue sections
were incubated with primary antibodies against IL-10
(Santa Cruz Biotechnology, Santa Cruz, CA, USA, #SC-
1783), Foxp3 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, #SC-28705), tumor necrosis factor (TNF)-a
(Abcam, Cambridge, UK, #ab6671), IL-1p (Abcam, Cam-
bridge, UK, #ab9722), IL-17 (Abcam, Cambridge, UK,
#ab79056), IL-6 (Abcam, Cambridge, UK, #ab7737),
a-smooth muscle actin (a-SMA) (Abcam, Cambridge,
UK, #ab7817), and type I collagen (Col-I) (Abcam, Cam-
bridge, UK, #ab6308) for 2 h at room temperature. Sec-
tions were then incubated with a horseradish peroxidase
(HRP)-conjugated secondary antibody for 30 min. The

final colored products were developed using chromo-
gen diaminobenzidine, and the sections were examined
under a photomicroscope (Olympus, Tokyo, Japan). Posi-
tive cells were enumerated visually by four individuals,
and the mean values were calculated.

Stimulation of HT-29 cells

HT-29 cells were seeded in 24-well plates at an initial
density of 5 x 10* cells per well and allowed to adhere
for 12 h. HT-29 cells were maintained in RPMI-1640
supplemented with 10% fetal bovine serum. After 12 h,
the medium was replaced by a fresh one and the cells
were pretreated with combination drug for 2 h and then
the cells were incubated in the presence of lipopolysac-
charide (LPS; 1 pg/mL, Sigma-Aldrich) for 2 days. The
supernatants were assayed for monocyte chemoattract-
ant protein 1 (MCP-1) levels.

Enzyme-linked immunosorbent assay

The levels of MCP-1 in HT-29 cell culture supernatants
were measured by sandwich enzyme-linked immu-
nosorbent assay (ELISA; R&D Systems). Horseradish
peroxidase—avidin (R&D Systems) was used for color
development. Absorbance at 405 nm was measured using
an ELISA microplate reader (Molecular Devices, Sunny-
vale, CA, USA).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (version 4 for Windows; GraphPad Software). Nor-
mally distributed continuous data were analyzed using
the parametric Student’s ¢ test. Differences in mean val-
ues among groups were subjected to analysis of variance
(ANOVA) followed by Bonferroni post hoc test. Data are
presented as means + standard deviations (SDs). A value
of p < 0.05 (two-tailed) was considered to indicate statis-
tical significance.

Results

Effect of the combination drug on DSS-induced colitis

To investigate the therapeutic effects of probiotics com-
plex and the combination drug, the probiotics com-
plex and the combination drug in drinking water were
administered to mice daily after DSS administration.
Mice in the vehicle-treated DSS-induced colitis group
showed marked weight loss from day 5 as a result of
severe colitis (Fig. 1a). However, treatment with the
probiotic complex (p < 0.05) or the combination drug
(p < 0.001) ameliorated the loss of body weight. The
DAI score, which combines weight loss, changes in
stool consistency, and bleeding, was significantly lower
in the probiotic complex—(p < 0.05) and combina-
tion drug-treated groups (p < 0.001) compared to the
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Fig. 1 The combination drug ameliorated DSS-induced colitis. C57BL/6 mice were treated orally with 3% DSS in distilled water ad libitum from days
0 to 4 and thereafter received regular drinking water. On day 3 after DSS administration, the probiotic complex or the combination drug (100 mg/
mouse) was administered orally (n = 5/group). a Changes in body weight expressed as percentages of body weight on day 0. b With the exception
of day 7, the DAl was monitored daily. Data are means = SDs of four independent experiments. ¢ Colon length of mice with DSS-induced chronic
colitis on day 10. Macroscopic images of the colon (left panel). Colon length (right panel). d Representative hematoxylin and eosin-stained images
of the colon on day 10. Scale bar, 100 um. ‘p < 0.05, "p < 0.01, “"p < 0.001. Vehicle vs. probiotic complex or combination drug treatment

vehicle-treated group (Fig. 1b). Treatment with the pro-  combination drug-treated groups (p < 0.01) (Fig. 1d).
biotic complex or the combination drug prevented the The combination drug exerted a greater therapeutic
decrease in colon length evident in the vehicle-treated effect than did the probiotic complex.

group (Fig. 1c). Microscopic examination of the colon

revealed that the probiotic complex and the combina-  Effect of the combination drug on proinflammatory

tion drug restored the mucosal architecture compared cytokine and chemokine expression

with vehicle treatment. The histological score was The effect of the probiotic complex and the combina-
decreased in the probiotic complex—(p < 0.05) and tion drug on colitis was assessed by immunostaining
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Fig. 2 The combination drug reduced proinflammatory cytokine levels. C57BL/6 mice were treated orally with 3% DSS in distilled water ad libitum
from days 0 to 4 and thereafter received regular drinking water. On day 3 after DSS administration, the probiotic complex or the combination drug
(100 mg/mouse) was administered orally (n = 5/group). On day 10 after DSS administration, colon tissue sections were stained with antibodies
against TNF-a (a), IL-6 (b), and IL-1(3 (c). Representative histological features are shown, and the results are presented as mean =+ SD numbers
of antibody-positive cells (n = 5/group). Scale bar, 100 um. ‘p < 0.05, "p < 0.01, “p < 0.001. Vehicle vs. probiotic complex or combination drug
treatment




colon sections for inflammatory cytokines (Fig. 2). Colon
tissue from vehicle-treated mice had higher levels of
TNEF-a, IL-6, and IL-1P than did colon tissue from mice
treated with the probiotic complex or the combina-
tion drug; the latter exerted the greatest effect on coli-
tis (p < 0.001, p < 0.001, and p < 0.01, respectively). To
assess the immune modulatory effects of combination
drug, the HT-29 cell line, a human colorectal adenocarci-
noma cell line, was pretreated with combination drug for
2 h and then incubated in the presence of LPS for 48 h.
The level of MCP-1, which regulates migration and infil-
tration of monocytes/macrophages [29], in HT-29 cells
was decreased by treatment with the combination drug
(p < 0.01) (Fig. 3).

Effect of the combination drug on IL-17, Foxp3, and IL-10
levels

Th17 cells infiltrate the inflamed intestine, where they
trigger and amplify inflammation [8]. To investigate the
effect of the probiotic complex and the combination drug
on IL-17, Foxp3 (a transcription factor for Treg cells
[30]), and IL-10 levels, colon sections were subjected to
immunohistochemical staining. The colon tissue of mice
treated with the probiotic complex or the combination
drug exhibited a lower IL-17 level than did the colon tis-
sue of vehicle-treated mice (p < 0.05) (Fig. 4a). In con-
trast, Foxp3 and IL-10 levels were significantly increased
in the colon tissue of mice treated with the combination
drug compared to those treated with vehicle (p < 0.05
and p < 0.001, respectively) (Fig. 4b, c). Treatment with
the probiotic complex also increased the expression of
Foxp3 and IL-10, albeit not significantly so.
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Fig. 3 The combination drug reduced the MCP-1 level in HT-29 cells.
HT-29 cells were treated with the combination drug in the presence
of LPS (1 pg/mL) for 48 h. MCP-1 mRNA and protein levels were
determined by RT-PCR and ELISA, respectively. “p < 0.01 by Student’s
t test. Vehicle vs. combination drug treatment

Effect of the combination drug on colitis-associated
intestinal fibrosis

To investigate the antifibrotic effects of the probiotic
complex and combination drug, colon sections were
stained with Masson’s trichrome (Fig. 5a). Treatment
with the probiotic complex or the combination drug sup-
pressed the area of blue staining in the colonic muscu-
lar layer compared with vehicle treatment. To evaluate
the effect of the probiotic complex or the combination
drug on the number of myofibroblasts in the colonic
mucosa and submucosa, immunohistochemical stain-
ing for a-SMA, a marker of fibroblast differentiation to
myofibroblasts, was performed on day 10. The number of
a-SMA+ myofibroblasts was significantly decreased in
the colons of mice treated with the probiotic complex or
the combination drug compared with the vehicle-treated
mice (p < 0.01) (Fig. 5b). Furthermore, the number of
Col-1+ cells was significantly decreased in the colons of
mice treated with the probiotic complex or the combina-
tion drug compared with vehicle-treated mice (p < 0.01)
(Fig. 5¢).

Discussion

The aim of this study was to elucidate the effect of a
combination of a probiotic complex, prebiotics, rosavin,
and zinc in a DSS-induced colitis mouse model. Treat-
ment with the combination drug attenuated the severity
of colitis; suppressed the body weight loss, reduction in
colon length and DAI score; and reduced the histologi-
cal changes evident in vehicle-treated mice. The com-
bination drug decreased the levels of proinflammatory
cytokines and chemokines and increased the levels of
Foxp3 and IL-10 in colon tissue. Furthermore, treatment
with the combination drug suppressed colitis-associated
intestinal fibrosis.

Gut microbiota dysbiosis plays a key role in the patho-
genesis of IBD. Probiotics, live microorganisms that ben-
efit host health, are commonly used to control chronic
gastrointestinal inflammation in IBD patients. Lactoba-
cillus and Bifidobacterium species are widely used as pro-
biotics [31]. Administration of Lactobacillus plantarum
LP ameliorates the severity of colitis in IL-10-knockout
mice [32]. Lactobacillus paracasei LS2 isolated from the
Korean food, kimchi, reduces colitis disease by decreas-
ing the number of Thl cells and macrophages in the
lamina propria [33]. Treatment with Lactobacillus aci-
dophilus reduces the STAT3 and phosphorylated STAT3
levels in colon tissue from mice with DSS-induced coli-
tis and increases the number of Treg cells among intes-
tinal intraepithelial and lamina propria lymphocytes in a
2,4,6-trinitrobenzene sulfonic acid-induced colitis model
[21, 34]. Treatment with Bifidobacterium longum amelio-
rates colorectal colitis in rats by altering the methylation
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level of the Foxp3 promoter, resulting in an increased
number of Treg cells [35]. Moreover, Streptococcus ther-
mophilus suppresses bacterial translocation, which
reduces gastrointestinal bleeding and weight loss [36].
Much research has focused on the use of gut microbi-
ota for the treatment of IBD. Treatment with lactobacilli
and bifidobacteria promoted recovery of DSS-induced
intestinal injury and inflammation in a mouse model of
colitis [37]. Lactobacillus casei and Bifidobacterium lac-
tis ameliorated injury to the intestinal mucosa and liver
in a 2,4,6-trinitrobenzene sulfonic acid-induced colitis
model [38]. Also, treatment with a probiotic combina-
tion that included lactobacilli, bifidobacteria, and strep-
tococci reduced the levels of proinflammatory cytokines
in colitis [39]. In this study, we evaluated the efficacy of
a combination of 12 probiotics (lactobacilli, bifidobacte-
ria, and streptococci) with prebiotics, rosavin, and zinc
for the treatment of IBD. Rhodiola rosea is a widely used

plant for traditional medicine and it was reported that
it has anti-oxidant, neuroprotective, anti-diabetic and
anti-inflammatory effects [40—42]. Rosavin is a typical
compound of Rhodiola rosea and recent study revealed
that it inhibits TNF-related apoptosis-inducing ligand
expression via extracellular signal-regulated kinase phos-
phorylation in T cells [43]. Zinc is absorbed in the small
intestine, functions as a cofactor for enzymes, such as
alkaline phosphatase, and is essential for growth, immu-
nity, and tissue repair [44, 45]. Furthermore, zinc involves
in the regulation of cell proliferation via affecting metal-
loenzymes and hormonal signaling. Reduced zinc avail-
ability influences survival of animal [46]. Zinc deficiency
is commonly seen in IBD patients due to inadequate
zinc intake or poor absorption from the gastrointestinal
tract [45, 47, 48]. In the present study, oral administra-
tion of the combination drug showed therapeutic effects
in a DSS-induced colitis model. Notably, the combination
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drug resulted in a greater decrease in the levels of pro-
inflammatory cytokines (TNF-a, IL-6, IL-1f, and IL-17)
and greater increases in the levels of the anti-inflam-
matory cytokine IL-10 and transcription factor Foxp3
in colon tissue compared with the probiotic complex
alone. Further studies should investigate the mechanisms
underlying the effect of the combination drug on intesti-
nal homeostasis.

The combination drug also improved DSS-induced
intestinal fibrosis. Fibrosis develops from chronic inflam-
mation and is caused by the accumulation of extracellu-
lar matrix components, which causes stricture formation
and organ dysfunction [6, 7]. Fibrosis is a major and fre-
quent complication in IBD patients, for which no specific
therapy is available [49]. The combination drug decreased
the a-SMA and type I collagen levels compared with
vehicle treatment. Recently, there have been attempts

to treat fibrosis using cytokine-targeted therapy. IL-10
deficiency accelerates kidney inflammation and fibrosis
in the unilateral ureteral obstruction mouse model, and
treatment with IL-10 ameliorates lung fibrosis [50, 51].
In contrast, IL-17 exerts pro-fibrotic effects in the lung,
liver, and heart [52]. IL-17 deficiency reduces fibrosis in
models of skin inflammation, and treatment with IL-17
enhances cardiac fibroblast proliferation and migration
in pulmonary fibrosis models [53, 54].

DSS-induced colitis model used in this study is very
popular for the IBD research because of its rapidity, sim-
plicity, reproducibility and controllability. However, the
limitation of this model is that T or B cell responses are
not required for the development of colitis unlike human
disease [55]. In addition, luminal bacteria play a role in
the development of this robust colitis [56]. Therefore,
additional studies are needed to determine the complex



role of combination of a probiotic complex with rosavin,
zinc, and prebiotics on the gut-immune axis.

Conclusion

In conclusion, treatment with the combination of a pro-
biotic complex, prebiotics, rosavin, and zinc attenuated
colitis, significantly decreased the levels of proinflam-
matory cytokines, and significantly increased the levels
of Foxp3 and IL-10 in colon tissue. Furthermore, treat-
ment with the combination drug decreased the levels
of a-SMA and Col-I compared with vehicle treatment.
Therefore, the combination of a probiotic complex with
rosavin, zinc, and prebiotics may be important therapeu-
tics for IBD by modulating the inflammatory cytokines
and fibrosis.



Low dose Naltrexone for induction
of remission in inflammatory bowel disease

patients

Abstract

Background: Around 30% of patients with inflammatory bowel disease (IBD) are refractory to current IBD drugs or
relapse over time. Novel treatments are called for, and low dose Naltrexone (LDN) may provide a safe, easily accessible
alternative treatment option for these patients. We investigated the potential of LDN to induce clinical response in
therapy refractory IBD patients, and investigated its direct effects on epithelial barrier function.

Methods: Patients not in remission and not responding to conventional therapy were offered to initiate LDN as a
concomitant treatment. In total 47 IBD patients prescribed LDN were followed prospectively for 12 weeks. Where
available, endoscopic remission data, serum and biopsies were collected. Further the effect of Naltrexone on wound
healing (scratch assay), cytokine production and endoplasmic reticulum-(ER) stress (GRP78 and CHOP western blot
analysis, immunohistochemistry) were investigated in HCT116 and CACO?2 intestinal epithelial cells, human IBD intes-

tinal organoids and patient samples.

Results: Low dose Naltrexone induced clinical improvementin 74.5%, and remission in 25.5% of patients. Naltrexone
improved wound healing and reduced ER stress induced by Tunicamycin, lipopolysaccharide or bacteria in epithelial
barriers. Inflamed mucosa from IBD patients showed high ER stress levels, which was reduced in patients treated with
LDN. Cytokine levels in neither epithelial cells nor serum from IBD patients were affected.

Conclusions: Naltrexone directly improves epithelial barrier function by improving wound healing and reducing
mucosal ER stress levels. Low dose Naltrexone treatment is effective and safe, and could be considered for the treat-

ment of therapy refractory IBD patients.

Keywords: Crohn’s disease, Ulcerative colitis, Naltrexone, Endoplasmic reticulum stress, Wound healing

Background

Inflammatory bowel disease (IBD) is a chronic inflamma-
tory disorder, which includes Crohn’s disease (CD) and
ulcerative colitis (UC). The aim of therapy is to induce
sustained remission, a state of long lasting quiescent dis-
ease. Several drugs exist to induce and maintain remis-
sion, and these drugs are usually prescribed in a step-up

fashion. Nevertheless, even when using this step-up
strategy, a subset of patients will fail to reach or maintain
remission even with the most potent therapies, often due
to drug intolerance or loss of efficacy. For instance, yearly
loss of efficacy rates are 13—24% in patients treated with
anti-tumor necrosis factor o (anti-TNFa) agents [1, 2].
In general, such a state of therapy refractoriness occurs
in 35-60% of all IBD patients and severely limits treat-
ment options, often resulting in surgery or corticosteroid
dependency [3, 4]. Thus, for this subset of patients, alter-
native treatments remain of continued interest.

The etiology of IBD is complex, with genetic pre-
disposition, an altered microbiome, environmental
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factors and a weakened epithelial barrier function trig-
gering a chronic mucosal immune response. Targeting
these different causes with medication is the current
challenge in IBD treatment. Previous research suggests
that the endogenous opioid system also plays a role in
gut immunity [5, 6]. For instance, in IBD patients, the
p-opioid receptor (MOR) is overexpressed in mucosal
T-lymphocytes and monocytes, and ex vivo stimula-
tion of MOR with the agonist DALDA reduced TNFa
in mucosal biopsies from IBD patients [7]. In addition,
DALDA also showed anti-inflammatory responses in
a mouse model of colitis through inhibition of T cell
proliferation and cytokine (including TNFa) produc-
tion [8]. Another opioid known to modulate MOR
responses is Naltrexone. While being a MOR antago-
nist, which blocks endogenous opioid effects when
used at high concentrations [9], administration of
low dose Naltrexone (LDN) is postulated to result in
upregulation of endogenous encephalin and endorphin
levels and to have a positive modulatory effect on the
MOR [10, 11]. Thus, the use of LDN in clinical settings
is gaining interest, with Crohn’s disease, multiple scle-
rosis and fibromyalgia described as potential targets
for treatment with LDN [12-14]. In both mouse and
rat models of IBD, LDN alleviated inflammation, in
part by reducing pro-inflammatory cytokine produc-
tion [15, 16]. Interestingly, we and others have shown
that endoplasmic reticulum (ER) stress in intestinal
Paneth cells is one of the contributing factors in IBD
[17-19], and it was recently reported that Naltrexone
attenuates inflammation in a mouse liver injury model
by reducing ER stress [20, 21].

Pilot studies in patients with CD showed a positive
effect of LDN therapy, with 15 of 17 patients showing
a clinical response [22]. A subsequent randomized,
placebo-controlled, double blind study in 34 patients
found a response rate of 88% in the LDN group ver-
sus 40% in the placebo group after 12 weeks of ther-
apy [23]. In addition LDN was also shown to be safe
in pediatric IBD patients, and resulted in significantly
reduced PCDAI scores, with 25% of patients achiev-
ing remission and 67% showing improvement of dis-
ease [24]. The above results suggest that LDN is an
effective therapy for CD patients, although the exact
mechanism remains unclear. Based on these promising
results, patients started to request LDN therapy due to
its favorable side-effect profile, and at the Erasmus MC
we decided to start prescribing LDN to therapy refrac-
tory IBD patients with active disease. The aims of this
study were to assess the clinical effect of LDN and to
investigate whether LDN has a direct modulatory effect
on intestinal epithelial barrier function.

Methods

Clinical cohort

A prospective cohort of patients with therapy refractory
IBD (CD or UC) that started LDN therapy was formed.
The decision to start LDN therapy was made by the treat-
ing physician, after fully informing the patient of the pos-
sible benefits and drawbacks. All patients were prescribed
4.5 mg Naltrexone once daily. Patients were instructed to
administer one dose of LDN before bedtime.

Upon initiation of LDN therapy, patients were fol-
lowed according to usual care at the outpatient clinic,
with contact (in person or via telephone) after 4, 8 and
12 weeks. During these visits self-assessed disease activ-
ity and adverse events were recorded. Patients were
offered endoscopic evaluation and assessment of labora-
tory values after 12 weeks of treatment or at time of dis-
continuation of LDN therapy, whichever occurred earlier.
This study was approved by the Ethical Committee of the
Erasmus MC (MEC-2014-656).

Clinical data collection

During the follow-up, demographic data (e.g. age, gen-
der) and IBD related data (e.g. year of diagnosis, con-
comitant and previous IBD related therapies, Montreal
phenotype classification) were recorded. Additionally,
where available, data on diagnostic tests, particularly
endoscopic evaluations, performed prior to the start of
LDN therapy (with a 1 week window) and during the fol-
low-up period were recorded. All patients that completed
at least 1 assessment of disease activity were included in
the cohort.

Clinical outcome measures

Clinical outcomes were based on patient self-assessments
and outpatient assessments, where available. Patients
were considered non-responders if no clinical improve-
ment occurred in the first 4 weeks of LDN therapy.
Patients were considered to have clinical response if
self-assessed disease activity decreased within the first
4 weeks of LDN therapy, and lasted for at least 4 weeks
in total. Of secondary interest were the rates of adverse
events during LDN therapy. Endoscopy results were
scored based on the most severe area of inflammation.
Endoscopic findings in all IBD patients were scored on a
scale from 0 to 3, representing no inflammation to severe
inflammation respectively.

Cell lines

Colorectal cancer cell lines HCT116 and CACO-2
were cultured in Dulbecco’s Modified Eagles Medium
(DMEM, Lonza, Basel, Switzerland) supplemented with
100 U/mL penicillin, 100 mg/mL streptomycin (Life tech-
nologies, Bleiswijk, NL) and 10% Fecal Calf Serum (FCS,



Sigma-Aldrich, St. Louis, USA). Cells were maintained at
37 °Cin a 5% CO, humidified setting.

Organoid culture

Non-inflamed intestinal biopsies were collected from two
IBD patients undergoing routine endoscopy for their dis-
ease. Organoids were prepared as described [25, 26], see
Additional file 1 for details.

Cell viability assay

Cell viability was assessed using MTT assays as described
[27], see Additional file 1: Methods. Each experiment was
performed twice in triplicate.

Wound healing assay

Wound healing assays were performed as described [28],
see Additional file 1. The concentration of Naltrexone
used was based on in vivo dosages (4.5 mg per£60 kg
bodyweight). Experiments were performed thrice in
duplicate, with two measure-sites per scratch.

Western blotting

Western blotting was performed as described [29],
with modifications (see Additional file 1). HCT116 and
CACO-2 cells were treated with Tunicamycin (2 uM),
lipopolysaccharide (10 pg/mL LPS) or E. coli (paraffin-
fixed DH5a, 6.25e5/mL) in the presence or absence of
1 pg/mL Naltrexone. Organoids were treated with LPS in
the presence or absence of 1 pg/mL Naltrexone. Experi-
ments were performed at least twice.

Immunohistochemistry

FFPE tissue sections were immunohistologically stained
for GRP78, as described [17, 30], see Additional file 1.
Antigen retrieval was performed by boiling the slides
in 600 mL of 10 mM sodium citrate buffer, pH 6.0 for
15 min. Slides were blocked by incubating in 10% goat
serum in PBS and incubated with GRP78 antibody (BiP,
Cell Signaling Technology, Danvers, MA) diluted in
blocking buffer (1:100) overnight at 4 °C. Rabbit envi-
sion (DAKO, Heverlee, Belgium) was used as secondary
antibody.

Reverse transcriptase polymerase chain reaction (rt-PCR)
We used rt-PCR to determine MOR expression on the
IEC cell lines, using Ribosomal protein (RP2) primers
were used as control [26], see Additional file 1.

Enzyme linked immunosorbent assay (ELISA)

Cells were plated at 0.2 x 10° per well in 24 wells plates.
Upon attachment to the plate, cells were treated as
described in the text and supernatant was harvested after
24 h. Experiments were performed twice, in duplicate.

Cytokine levels in supernatants from IECs and patient
sera were determined by ELISA (Ready-SET-Go!® eBio-
science, San Diego, CA) as per manufacturer’s instruc-
tions. All samples were tested in duplicate in the ELISAs.

Statistical analysis

Continuous variables were reported as medians with
interquartile range (IQR). Comparisons in continuous
variables were performed with the Mann—Whitney U
test. For comparisons of categorical variables, Fisher’s
exact test was used. For in vitro and ex vivo experiments,
normality of distribution was assessed with D’agostino
and Pearson Omnibus normality test. When passing nor-
mality test or when there were insufficient numbers to
calculate normality, parametric testing was performed,
otherwise, non-parametric tests were employed. Student
T-tests were performed for comparisons of two groups.
For comparisons of more than two groups, ANOVA
with post hoc testing (Tukey’s multiple comparison
test) was performed. For all tests, one or two-sided (as
appropriate) p-values<0.05 were considered statistically
significant, graphs show mean+SEM. Analyses were
performed using Graphpad Prism 5.0.

Results

Patient characteristics

From July 2010 till August 2014, 47 patients were treated
with LDN, of which 19 (40.4%) were male and 28 were
female. Median treatment and follow-up duration after
start of LDN was 3 months (IQR 3-5 months). Of the 47
patients, 28 (59.6%) were diagnosed with CD and 19 with
UC. Three patients had previously undergone surgery (2
ileocecal resections and 1 subtotal colectomy, all in CD
patients). The full baseline patient characteristics are
described in Table 1.

All participants were either steroid dependent or ster-
oid refractory and had previously been treated with
at least one other drug, and all patients showed clini-
cal signs of disease activity at initiation of LDN therapy.
Notably, 41 patients (87.2%) had previously received
at least one anti-TNFa agent, and 19 (40.4%) had been
treated with two anti-TNFa agents. The 6 patients not
exposed to anti-TNFa had refused anti-TNFa therapy
due to fear of possible side effects. The full details on the
previous and concomitant treatments at start of LDN
therapy are described in Table 2. Seven patients (14.9%)
reported adverse events due to LDN, including vivid
dreams (N =4), drowsiness (N =2) and headache (N=1).
Two patients discontinued LDN therapy after 2 weeks,
due to drowsiness. Vivid dream complaints improved
when LDN was administered in the morning instead of
at bedtime.



Table 1 Baseline patient characteristics

General characteristics

Diagnosis, N (%) UG, 19 (40%) CD, 28 (60%) Combined, 47
Gender (M/F) 10/9 9/19 19/28
Median age at diagnosis (years, IQR) 31(27-44.5) 23(16.8-32.5) 27 (18-39.5)
Median age at start of LDN (years, IQR) 42 (33.5-52) 35.5(25.5-53.5) 40 (27.5-52.5)
Median disease duration at start of LDN (years, IQR) 6.9 (3.2-12.4) 7.8 (3.8-16.5) 7.0 (3.8-134)
CRP mg/L, median (IQR) 7 (2-27) 6 (2-7) 6 (2-9)
Endoscopic score (median, IQR) 2.0(1.0-2.0) 2.0(2.0-2.0) 2.0(1.25-2.0)
Disease characteristics

Disease extent or phenotype [montreal classification, % (N)] E1 11% (2) L1 7% (2)

E2 63% (12) L2 32% (9)

E3 26% (5) L3 61% (17)

CD Crohn’s disease, CRP C-reactive protein, IQR inter-quartile range, LDN low dose Naltrexone, UC ulcerative colitis

Table 2 Medical therapies used prior to start of LDN
and concomitantly with LDN

UG, 19 CD, 28 Combined, 47
Prior and concomitant therapies
Therapies prior to LDN, N (%)
5-ASA 17 (89%) 14 (50%) 31 (66%)
Steroids 19 (100%) 28 (100%) 47 (100%)
Immunosuppressives 18 (95%) 27 (96%) 45 (96%)
Anti-TNF 16 (84%) 25 (89%) 41 (87%)
Other 5 (26%) 2 (7%) 8(15%)
Concomitant therapies at start of LDN, N (%)
5-ASA 7 (37%) 3(11%) 10 (21%)
Steroids 6 (32%) 18 (64%) 24 (51%)
Immunosuppressives 8 (42%) 9 (32%) 17 (36%)
Anti-TNF 5 (26%) 3(11%) 8 (17%)
Other 1 (5%) 2 (7%) 3 (6%)
None 4(21%) 7 (25%) 11 (23%)

Steroids refer to any form of corticosteroids. Immunosuppressives refer
to thiopurines or methotrexate. Other refers to tacrolimus, cyclosporine,
thioguanine or blinded trial drugs

anti-TNF anti-tumor necrosis factor, CD Crohn’s disease, LDN low dose
Naltrexone, UC ulcerative colitis

LDN therapy shows clinical and endoscopic efficacy in IBD
patients

Of the 47 patients, 35 (74.5%) achieved a clinical
response. Of those 35 patients, 12 patients had a response
of at least 3 months (25.5% of total cohort, 8 CD, 4 UC),
whereas a short-lived (between 4 and 12 weeks) improve-
ment was seen in the remaining 23 patients (48.9% of
total cohort, 13 CD, 10 UC). There was no statistically
significant difference between CD and UC patients in
the number of patients that achieved either response or
remission (p=1.000 and p=0.515 respectively).

The median endoscopic score at baseline amongst all
patients was 2 (IQR 1.25-2.0). In 12 patients, consecu-
tive endoscopies were performed both at baseline and
at 12 weeks or at time of relapse, whichever occurred
earlier. These consecutive endoscopies were performed
in 6 patients with response (3 CD, 3 UC) and 6 patients
with remission (1 CD, 5 UC). Between these two groups,
no significant difference was observed in baseline endo-
scopic score (median 1.67, range 1-3 versus 1.83, range
0-3 for response and remission respectively p=0.676).
However, patients achieving clinical remission had a sig-
nificantly greater improvement in endoscopic score com-
pared to patients not reaching clinical response (median
change — 1.5, range — 2 to O versus 1.0, range 0-2,
p=0.005, Fig. 1). Complete endoscopic remission upon
treatment with LDN was seen in 5 out of 6 patients with
clinical remission.

Naltrexone improves wound healing in intestinal epithelial
cell layers

Having shown clinical effect of Naltrexone in patients,
we next sought to establish whether Naltrexone has
a direct effect on epithelial cell function. After test-
ing for the presence of MOR (Fig. 2a), we investigated
the effect of Naltrexone on wound healing in layers of
HCT116 and CACO2 colonic epithelial cell lines. Fig-
ure 2b shows that scratch wounds inflicted in HCT116
cell cultures are healed significantly faster when cells are
treated with Naltrexone as compared to vehicle control
(p=0.0001 at t=24; p=0.0001 at t=48). In CACO2
cells, which migrate much faster than HC116, all wounds
were healed at t=48 and the effect of Naltrexone on
wound size was less clear (t=24 h, p=0.085, Fig. 2b,
right panel). Possibly, the lower MOR expression levels
observed in CACO?2 cells accounts for the lesser effect
of Naltrexone in this cell line. However, when comparing
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Fig. 1 Changes in individual endoscopic inflammation scores
values. The change in endoscopic score value for patients in clinical
remission after week 12 and patients not in clinical remission after
week 12 are displayed. Each dot represents an individual. The
horizontal line represents the group median. The difference in
group medians is statistically significant (— 1.5 versus 1.0, for clinical

remission and not in clinical remission respectively, p =0.005)

the migrated distance of cells, it was evident that Naltrex-
one stimulated epithelial cell migration, in both HCT116
(361 £24 vs 656152 pixels, p=0.085) and CACO2
(465426 vs 310+£50 pixels, p=0.0083, Fig. 2c). This

effect of Naltrexone on wound healing was not due to an
increased cellular proliferation, as total viable cell num-
bers were not affected by Naltrexone up to a concentra-
tion of 100 pg/mL (Additional file 2: Figure SIA-C).

Naltrexone does not affect interleukin 8 (IL-8) cytokine
levels in epithelial cells and patient sera

In vivo, epithelial cells produce an array of cytokines in
response to inflammatory stimuli, which in turn can
attract immune cells and perpetuate inflammation in IBD
patients. We therefore investigated whether cytokine pro-
duction by epithelial cells is directly affected by Naltrex-
one. Cells were stimulated with bacteria in the absence
or presence of Naltrexone, and supernatants were tested
for the presence of the pro-inflammatory cytokines IL-6,
IL-8 and TNF« after 24 h. As shown in Fig. 3, treatment
of cells with bacteria significantly increased IL-8 pro-
duction in both HCT116 and CACO2 cells (44+4 to
92414 pg/mL in HCT116, p=0.0001, Fig. 3a and 17+1
to 2543 pg/mL in CACO2, p=0.0001, Fig. 3b). How-
ever, neither basal levels nor bacteria-stimulated levels of
IL-8 were significantly affected by Naltrexone treatment.
IL-6 and TNFa levels were undetectable (not shown).
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Fig. 2 Naltrexone improves epithelial wound healing. a Expression of the p-opioid receptor (MOR) was tested by rt-PCR, using -RT (i.e. RNA)
controls. Ribosomal protein 2 (RP2) was used as cDNA quality control. b HCT116 (left panel) and CACO2 (right panel) cultures were scratched in
the presence or absence of 1 uM Naltrexone (NTX), and wounds were photographed at t=0, 24 and 48. Mean percentage wound size of three
independent experiments is shown. ¢ Migration of wound edges at t=24 in pixels presented as mean of three experiments
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Fig. 3 Naltrexone does not affect IL-8 levels in epithelial cell lines and patient sera. Stimulation of HCT116 (a) and CACO2 (b) cell layers for 24 h with
bacteria results in significantly increased IL-8 levels in culture supernatants as determined by ELISA. Co-treatment with 1 ug/mL Naltrexone does not
affect basal levels or bacteria-induced levels of IL-8 production in these cell lines. c—f Serum from patients was taken before low dose Naltrexone
(NTX) treatment, and 3 or 6 months into treatment. IL-8 was detectable in 6 of 7 patients ¢ by ELISA, whereas TNFa was detectable in 5 patients (d).
There was no significant difference in the mean IL-8 (e) or TNFa (f) levels between responders and non-responders to low dose Naltrexone

Next we tested whether IL-8 or TNFa systemic lev-
els in patients were modulated by Naltrexone treat-
ment in vivo. Paired serum samples (before and after
initiation of treatment) were available of 7 patients, 3
responders and 4 non-responders. IL-8 was detected in
6 patients (Fig. 3c), whereas TNFa could be measured
in serum from 5 out of 7 patients (Fig. 3d). No con-
sistent up or down modulation of either IL-8 or TNF«
was observed, nor were there significant differences
in these cytokine levels between responders and non-
responders to Naltrexone (Fig. 3e, f). Together, these
data suggest that Naltrexone does not positively impact
on inflammation through modulation of intestinal epi-
thelial cell cytokine production.

ER stress is intestinal epithelium is reduced by Naltrexone

As ER stress in the mucosa has been associated with
the development of IBD, and Naltrexone was previously
shown to reduce ER stress-induced inflammation in a
model of liver damage, we next investigated whether
Naltrexone has a direct effect on ER stress in intestinal
epithelium. ER stress was chemically induced in intes-
tinal epithelial cell lines by Tunicamycin (Fig. 4a and
Additional file 3: Figure S2), as demonstrated by a strong
upregulation of the ER stress marker GRP78. Interest-
ingly, Naltrexone was able to reduce these levels in both
cell lines. Chemical stimulation of cells with Tunicamy-
cin causes inhibition of the UDP-N-acetylglucosamine-
dolichol phosphate N-acetylglucosamine-1-phosphate
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transferase (GPT) and subsequent accumulation of
unfolded glycoproteins in the ER; a non-physiological
process likely to result in much higher ER stress lev-
els than are probable in vivo. To investigate ER stress in
a more physiologically relevant setting, we incubated
intestinal epithelial cells with bacteria (representative
examples shown in Fig. 4b and Additional file 3: Fig-
ure S2A). A significant upregulation of GRP78 expres-
sion was observed in HCT116 cells treated with E. coli

(0.065+0.007 to 0.097 +0.01, p=0.0025, Fig. 4b), which
again was significantly reduced by co-treatment of cells
with Naltrexone (0.076 +0.005, p=0.0025). In CACO2
cells, Naltrexone diminished bacteria-induced GRP78
expression in three out of three experiments, although
this did not reach statistical significance as bacteria-
induced ER stress was low in these cells (Additional file 3:
Figure S2A). In order to further confirm ER stress path-
way activation with a different physiological stimulus, we



also induced ER stress in HCT116 cells with lipopoly-
saccharide and investigated expression levels of CHOP,
a downstream target of the ER stress pathway. Figure 4c
shows that CHOP levels induced by LPS were reduced
by co-treatment with Naltrexone (1.3154+0.592 to
0.801£0.710, p=0.027). Again, the effect was less clear
for CACO2 cells (Additional file 3: Figure S2C).

While cell lines are an easy and common model system
to study epithelial cell function, such cell lines may show
different cellular effects due to transforming mutations.
We therefore generated organoids from colonic biopsies
from two IBD patients, representing IBD epithelial tissue.
Stimulation of these organoids with LPS again induced
GRP78 expression (4 out of 4 experiments), and ER
stress levels were reduced by co-treatment of organoids
with Naltrexone (Fig. 4d, 1.734+0.473 to 1.017 £0.698,
p=0.046). Together, these data imply that ER stress in
intestinal epithelial cells is alleviated by Naltrexone.

Next, we investigated intestinal ER stress in patients
treated with LDN. Intestinal tissue biopsies were avail-
able in 13 patients prior to treatment and in 5 patients
3 months into treatment, with 3 paired samples. Sections
were stained for GRP78 (for specificity of the staining,
see Additional file 4: Figure S3). High levels of ER stress
were observed in both the inflamed intestinal lamina pro-
pria and crypts from IBD patients (Fig. 5a). GRP78 levels
decreased upon NTX treatment, most noticeably in the
lamina propria, (1.1440.5 vs 0.8 0.5 for lamina propria
and 0.9+£0.4 vs 0.7£0.6 for crypts) although statistical
significance was not reached because of low patient num-
bers (Fig. 4b). However, in the 3 paired samples available,
NTX treatment reduced interstitial ER stress (Fig. 4c,
and examples in Fig. 4d). In toto, these data suggest that
Naltrexone has a direct effect on ER stress as measured
by GRP78 expression in intestinal mucosa.
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Fig. 5 High ER stress in mucosa from IBD patients is reduced by low dose Naltrexone treatment. a Example of GRP78, showing high ER stress
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Discussion

In this study, therapy refractory IBD patients receiv-
ing LDN showed clinical improvement in 74.5% of all
patients and long-lasting clinical remission of in 25.5%.
Furthermore, most patients achieving clinical remission
also showed endoscopic improvement. The response
and remission rates in this study appear slightly lower
than the rates found in previously published studies
(response rates of 88—89% and remission rates of 30-67%
[22, 23]). These differences might be explained by differ-
ences in patient population, as the patients in our cohort
had more severe disease, as reflected by the differences
in previous drug exposure. Furthermore, the sample size
of the previous studies was small, with only 17 and 18
patients receiving Naltrexone in the pilot study and the
placebo controlled study, respectively. No serious adverse
events were reported in the current study. Interestingly,
we also found no elevated liver enzymes in our cohort,
whereas previous studies found such abnormalities in
1.8-11.1% of patients treated with Naltrexone [22, 23].
Thus, our data suggest that LDN is safe and effective in
the treatment of conventional therapy-refractory IBD
patients.

While the potential benefit of Naltrexone treatment
for IBD is becoming clear, the underlying mechanisms
and the general role of the opioid system in IBD have so
far received very little attention. An increased expres-
sion of MOR in mucosal immune cells has been shown,
and one possible function of this upregulation may be
compensatory pain management. Pro-inflammatory Th1
and Th17 cells produce enhanced levels of endogenous
opioids during colitis in mice [31], which suppress pain
signals during chronic mucosal inflammation [32]. As
such, it is conceivable that part of the remission in LDN
treated patients is a result of a general improvement of
well-being. Interestingly, antagonists of the nociceptor
receptor (involved in pain sensation) also reduced intes-
tinal pro-inflammatory cytokine profiles and amelio-
rated DSS colitis in mice, suggesting that blocking pain
sensors has a direct immune-modulatory effect [33].
Intriguingly, it has recently been shown that the opioid
inactive (4)-isomers of Naltrexone inhibit lipopolysac-
charide-induced Toll like Receptor 4 (TLR4) signaling, a
bacterial-induced inflammatory pathway contributing to
IBD [34, 35]. It is as yet unclear whether the Naltrexone
preparations currently used in patients (and as bought
for in vitro experiments) contain this opioid inactive iso-
form, but it is at least theoretically possible that some of
the beneficial effects observed in the current study are
not regulated by MOR, but rather by inhibition of TLR
signaling. Furthermore, in addition to MOR, Naltrexone
also has weak affinity for the k and 8 opioid receptors,

and it is conceivable that some of the observed effects
occur through these receptors.

The limited studies performed so far on the mechanis-
tic effect of Naltrexone have mainly focused on immune
cells. However, our study suggests that Naltrexone can
also have direct beneficial consequences on epithelial
barrier cells, by stimulating wound healing. These data
are in accordance with the improved in vivo wound heal-
ing observed upon Naltrexone treatment in both IBD
patients and diabetic mice [36]. However, while the effect
of Naltrexone on wound healing in skin was shown to
be a result of increased fibroblast proliferation [37], our
in vitro model suggests that wound healing of intestinal
epithelial barriers is modulated by improved migration
rather than proliferation.

Other studies investigating the potential mechanism
of LDN on inflammation have focused on immune cell
cytokine production. Elevated TNFa, IL-6 and IL-12 lev-
els have been reported to be reduced by Naltrexone in
chemically induced mouse colitis models [15, 16]. In con-
trast, others have found that LDN enhances dendritic cell
maturation and stimulates their TNFa and IL-12 produc-
tion, whereas in the current study, no effect of Naltrex-
one on either epithelial induced IL-8 production or IL-8
and TNFa serum levels in IBD patients was observed.
However, it should be noted that not all cytokines could
be detected in our system, and it is possible that other
cytokines, which were not studied here, are affected.

We and others have previously shown that patients
carrying gene variants associated with development of
IBD demonstrate increased mucosal ER stress and bacte-
rial persistence, suggesting that intestinal ER stress con-
tributes to IBD pathology [19, 38—40]. The cell type that
appeared most affected, even in non-inflamed mucosa,
were the Paneth cells, specialized anti-microbial peptide
producing cells [17]. We now show that during inflam-
mation, not only Paneth cells, but also other crypt and
lamina propria cells show increased ER stress, which
may reflect a general cellular stress response in the pres-
ence of pro-inflammatory cytokines or bacteria. Indeed,
we demonstrate that stimulation of intestinal epithelial
cells with bacteria or LPS triggers a significant upregula-
tion of the ER stress marker GRP78. However, not all cell
lines showed this effect, which may be a reflection of the
genetic IBD risk factors present in these cell lines. Nev-
ertheless, ER stress in both cell lines as well as organoids
derived from IBD patients was reduced by treatment with
Naltrexone, as were lamina propria GRP78 levels in biop-
sies from patients treated with Naltrexone, although this
did not correlate with clinical response in all cases. Inter-
estingly, genetic variants of the MOR gene OPRM1 affect
response to high doses of NTX, however to what extent



they may play a role in clinical and molecular response in
IBD patients is as yet unclear [41].

Conclusion

In conclusion, our study provides additional insight into
the mechanism of action of Naltrexone in intestinal
inflammation, showing a direct effect of this opioid on
intestinal epithelial wound healing and ER stress reduc-
tion. The clinical results are promising, and particularly
given the low frequency and relative beneficial nature of
side-effects, the use of LDN in therapy refractory IBD
patients seems warranted. Future clinical research may
also focus on the use of LDN earlier in the IBD treatment
pyramid.
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Is-there a place for vagus nerve stimulation
in inflammatory bowel diseases?

Abstract

The vagus nerve (VN), the longest nerve of the organism that innervates the gastrointestinal tract, is a mixed nerve
composed of 80% of afferent and 20% of efferent fibers. The VN has anti-inflammatory properties, in particular an
anti-TNFa effect through the cholinergic anti-inflammatory pathway. The VN is a key component of the autonomic
nervous system, i.e. the parasympathetic nervous system. An imbalance of the autonomic nervous system, as
represented by a low vagal tone, is described in many diseases and has a pro-inflammatory role. Inflammatory
bowel diseases (IBD) are chronic disorders of the gastro-intestinal tract where TNFa is a key cytokine. VN stimulation
(UNS), classically used for the treatment of drug resistant epilepsy and depression, would be of interest in the
treatment of IBD. We have recently reported in a 6 month follow-up pilot study that VNS improves active Crohn's
disease. Preliminary data of another pilot study confirm this interest. Similarly, VNS has recently been reported to
improve rheumatoid arthritis, another TNFa mediated disease. Bioelectronic Medicine, as represented by VNS, opens
new therapeutic avenues in the treatment of such chronic inflammatory disorders. In the present manuscript, we

will focus on the interest of VNS in IBD.

Keywords: Vagus nerve, Vagus nerve stimulation, Inflammatory bowel diseases, Cholinergic anti-inflammatory

pathway

Background

Inflammatory bowel diseases (IBD) are chronic inflam-
matory disorders of the gastrointestinal tract involving
the recto-colon for ulcerative colitis (UC) and all the
digestive tract (essentially the ileum and/or colon) for
Crohn’s disease (CD) (Abraham & Cho, 2009). Flares are
characterized by abdominal pain, diarrhea (bloody in
UC), fever, weight loss, and extra-intestinal manifesta-
tions (skin, eyes, joints) with a significant impact on
quality of life. About 2.2 million people in Europe and
1.5 million Americans are affected by IBD (Molodecky
et al, 2012) with a regular increase of their incidence
and prevalence due to the “Westernization” of our life-
style. The pathophysiology of IBD involves genetic,
immunologic and environmental factors (de Souza,
2017). The concept of medical treatment of IBD has
recently evolved from steroids/immunosuppressants to

biologics targeting TNFa, a key cytokine in IBD, and
more recently anti-adhesion molecules and anti-1L12/23,
with the aim to heal mucosa and to prevent irreversible
damages of the digestive tract (Chang & Hanauer, 2017).
However, these treatments don’t cure the disease and are
not fully effective because patients are either non-primary
responders or secondarily lose response (Ben-Horin et al.,
2014). In addition, these drugs are not devoid of side-
effects (Bonovas et al, 2016) thus explaining that
patients are reluctant and not compliant with these
treatments (Lenti & Selinger, 2017), and are among
the highest users of complementary and alternative
medicines (Yanai et al., 2016).

Consequently, a non-drug therapy targeting an anti-
inflammatory pathway and devoid of side-effects would
be of interest in the treatment of IBD. Bioelectronic
Medicine is a new therapeutic approach using devices to
modulate electrical activity of the nervous system to re-
store organ function and health without the side-effects
of pharmaceutical agents and avoiding compliance prob-
lems (Olofsson & Tracey, 2017). Among the nervous
system, the vagus nerve (VN), the principal component
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of the parasympathetic nervous system, appears as an
interesting target for Bioelectronic Medicine due to its
anatomical specificity at the interface of gut-brain inter-
actions and its role in the neuro-endocrine-immune axis
(Bonaz et al., 2017). VN stimulation (VNS) is presently
used in the treatment of drug resistant epilepsy and de-
pression (Milby et al., 2008) based on the widespread
central projections of the VN (Ruffoli et al., 2011). More
recently, VNS has been shown to improve experimental
models of septic shock and colitis (Borovikova et al.,
2000; Meregnani et al., 2011). Translational pilot studies
have been recently performed in chronic inflammatory
disorders such as CD and rheumatoid arthritis (Bonaz
et al., 2016; Koopman et al., 2016). In the present review,
we will focus our attention on the use of VNS in IBD,
especially in CD.

Rationale for targeting the vagus nerve in
inflammatory bowel diseases

The VN is the longest nerve of the organism innervating
all the digestive tract for some anatomists (Delmas &
Laux, 1933). It is a mixed nerve composed of 80% affer-
ent and 20% efferent fibers (Prechtl & Powley, 1990).
The VN is a key element of brain-gut interactions and of
the autonomic nervous system (Bonaz et al, 2017).
There is an imbalance of the autonomic nervous system
in IBD that could play a role in the pathophysiology of
IBD. Indeed, we have reported that vagal tone was
significantly blunted in IBD in relation with negative
affects and a high TNFa level (Pellissier et al, 2010;
Pellissier et al, 2014). The VN, through its afferent
fibers, activates the hypothalamic-pituitary adrenal
(HPA) axis (Fig. 1) known to dampen peripheral inflam-
mation through the release of glucocorticoids (Harris,

1950). Another anti-inflammatory pathway, involving
vagal efferents, has been more recently described in 2000
by the group of Tracey and called the cholinergic anti-
inflammatory pathway (CAP) (Pavlov et al., 2003). Indeed,
the release of acetylcholine (ACh) at the distal end of the
VN is able to inhibit the release of TNFa by macrophages
through the link of ACh with alpha7nicotinic recep-
tors (a7nAChR) of these macrophages (Wang et al,
2003) (Fig. 1). However, the VN does not innervate
directly resident macrophages in the gut but through
an interaction with nNOS-VIP-Ach interneurons with
their nerve endings in close proximity of these resident
macrophages (Cailotto et al., 2014). The group of Tracey
has also described a vago-sympathetic pathway where, in a
synergistic effect, the VN interacts with the sympathetic
splenic nerve releasing norepinephrine acting on (2
receptors of splenic CD4 T-lymphocytes which release
ACh to inhibit the release of TNFa by splenic macro-
phages through an interaction with their a7nAChR
(Rosas-Ballina et al., 2008) (Fig. 1). For some authors the
sympathetic nervous system, through the release of its
neurotransmitter, norepinephrine, could be the efferent
arm of the CAP (Martelli et al., 2016). Indeed, vagal affer-
ents activate the central autonomic network (Benarroch,
1993) which in return, through descending pathways from
the paraventricular nucleus of the hypothalamus, the A5
noradrenergic group and the C1 adrenergic group, modu-
lates pre-ganglionic neurons of the sympathetic nervous
system in the spinal cord and thus the splenic nerve (Abe
et al,, 2017) (Fig. 1). Consequently, the interaction of the
VN with the sympathetic nervous system is of interest and
targeting the anti-inflammatory effect of the VN, ie. an
anti-TNFa pathway, both through its afferent and efferent
fibers would be of interest in IBD.
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How to target the vagus nerve?

Based on its dual anti-inflammatory role, the VN appears
as an interesting therapeutic target for chronic inflam-
matory disorders such as IBD, in particular targeting the
CAP. This approach can be obtained i) pharmaco-
logically with oa7nAChR agonists such as nicotine
(Cui & Li, 2010), GTS21 (Kox et al, 2011), and AR-
R17779 (van Westerloo et al., 2006), activation of the
central cholinergic pathway with an AChesterase inhibitor
(galantamine) (Pavlov et al., 2009) or CNI-1492, a cytokine
inhibitor and synthetic guanylhydrazone mitogen-
activated protein kinase blocker (Tracey, 1998), ii) high fat
enteral feeding inducing the release of CCK that activates
CCK1 vagal afferents thus activating the CAP (Luyer
et al,, 2005), iii) complementary and alternative medicines
such as meditation, yoga, acupuncture, hypnosis, known
to activate the VN (Keefer et al., 2013), iv) physical exer-
cise (Mora et al., 2007), v) VNS which appears as the most
interesting tool because already validated in drug resistant
epilepsy and depression in human with very few side
effects (Bonaz et al., 2013).

Vagus nerve stimulation in epilepsy and depression
The first VNS device for the treatment of drug-resistant
epilepsy was introduced in human in 1990. VNS has
been validated by the US Food and Drug Administration
(FDA) for drug resistant epilepsy in 1997 and in 1994
for Europe and for depression in 2005. For these indica-
tions, the mechanism relies on an activation of vagal
afferents by high frequency stimulation at 20-30 Hz
(Bonaz et al., 2013). Indeed, low frequency stimulation is
less efficient in epilepsy than high frequency stimulation
and stimulation over 50 Hz induces damage of the VN
(Schachter & Boon, 2007). Brain imaging studies in hu-
man have shown that brain regions activated were
greater at high (20 Hz) than low (5 Hz) frequency VNS
(Lomarev et al, 2002). The widespread projections of
the NTS, the target of vagal afferents, in the brain ex-
plain the efficacy of VNS in epilepsy and depression
(Ruffoli et al., 2011). The locus coeruleus (LC), the prin-
cipal brain noradrenergic nucleus, is believed to mediate
many of the effects of VNS in the central nervous
system. The LC receives excitatory input from the NTS
via the nucleus paragigantocellularis (Ruffoli et al,
2011). Lesions of the LC block the anti-epileptic and
anti-depressant effects of VNS (Krahl et al., 1998). VNS
increases firing rates of LC neurons and norepinephrine
concentrations in the cortex and hippocampus, two
projection sites of the LC (Dorr & Debonnel, 2006;
Roosevelt et al., 2006) and activates the LC in a fMRI
study in humans (Frangos et al, 2015). VNS may act
initially and/or predominantly on the LC, and indirectly
with the dorsal raphe nucleus via afferents from the LC
(Dorr & Debonnel, 2006).

A reduction of seizure is observed in 50% of patients
after 2 to 3 years of VNS (Morris 3rd & Mueller, 1999).
In a retrospective study of VNS in 65 patients with
epilepsy with a mean duration of VNS of 10 years Elliott
RE et al. (Elliott et al., 2011) showed that the mean
reduction in seizures at 6 months and years 1, 2, 4, 6, 8,
and 10 was 35.7, 52.1, 58.3, 60.4, 65.7, 75.5, and 75.5%,
respectively. Consequently, VNS is a slow acting therapy.

Vagus nerve stimulation in inflammatory bowel
diseases

Based on its use in epilepsy and depression, VNS could
be an interesting tool for the treatment of IBD based on
pre-clinical data in rats with colitis and 2 recent clinical
pilot studies targeting 2 different populations of patients
with active CD either naive of anti-TNF on inclusion or
in patients resistant to biologics.

Experimental rationale

The autonomic nervous system, in particular the para-
sympathetic nervous system, has a role in the control of
experimental colitis. Classically, vagotomy aggravates
colitis (Ghia et al., 2006) and sacral nerve stimulation
enhances intestinal barrier repair in acute mucosal injury
of experimental colitis (Brégeon et al., 2016). The first
pharmacological study targeting the CAP used Achester-
ase (AChE) inhibitors (physostigmine and neostigmine)
prior to induce colitis in rats. Physostigmine, which
crosses the blood brain barrier, induced a greater
improvement of colitis than neostigmine pretreatment
thus suggesting than central cholinergic pathways have a
greater protective effect than peripheral pathways
(Miceli & Jacobson, 2003). Based on this study and the
description of the CAP, our group has performed low
frequency (5 Hz) VNS in chronically implanted freely
moving rats with the other parameters classically used
for epilepsy, supposed to activate vagal efferents, for 5
consecutive days in rats with trinitrobenzenesulfonic
acid (TNBS) colitis, classically used as an experimental
model of CD (Meregnani et al., 2011). Colonic inflam-
mation was evaluated by a global multivariate index of
colitis taking into account i) body weight, temperature
and locomotor activity, ii) areas of lesions and histo-
logical damage, iii) biological parameters such as myelo-
peroxidase activity, cytokine and cytokine-related
mRNAs at the level of colonic damage and just above.
VNS significantly improved the multivariate index of col-
itis (Meregnani et al, 2011). The inflammatory infiltrate
just immediately above the major colonic lesion was
significantly improved by VNS while a slight reduction
was observed in the lesion thus arguing for a major effi-
cacy of VNS on tissues that are less damaged (Meregnani
etal, 2011). Sun et al. (Sun et al., 2013) performed chronic
VNS (0.25 mA, 20 Hz, 500 ms) in a model of TNBS colitis



in rats and recorded heart rate variability (HRV) as a
marker of the sympatho-vagal balance. They observed a
significant improvement of colitis under VNS, a decrease
of pro-inflammatory cytokines (TNFa and IL-6), and an
improvement of HRV. More recently, Jin et al. (Jin et al,,
2016) showed that chronic VNS improves inflammation
in TNBS-treated rats by inhibiting pro-inflammatory
cytokines via an autonomic mechanism; addition of
noninvasive electro-acupuncture to VNS enhanced the
anti-inflammatory effect of VNS.

Clinical rationale

In a translational approach, we have performed a pilot
study of VNS in CD patients. We have implanted 9
patients with CD, with 8 out of 9 patients with active
CD on inclusion. The patient in clinical and endoscopic
remission on inclusion had received a treatment with
budesonide, a topically acting corticosteroid with exten-
sive first pass hepatic metabolism, and azathioprine, an
antimetabolite therapy. This patient stopped budesonide
few weeks before inclusion and azathioprine because of
a pseudo-flu-like syndrome due to azathioprine. Patients
between 18 and 65 years had a Crohn’s disease activity
index (CDALI; a research tool used to quantify symptoms
of patients with CD such as abdominal pain, number of
liquid or soft stools, general well-being) between 220
and 450 (i.e. moderate to severe CD; CDAI< 150: clinical
remission), with a small bowel (ileum) and/or colonic
CD, diagnosed for more than 3 months, naive of treat-
ment or despite a stable treatment reference, with a C-
reactive protein (CRP; acute-phase protein of hepatic
origin) > 5 mg/L and/or a fecal calprotectin (a marker of
intestinal inflammation) >100 pg/g and a Crohn’s
disease endoscopic index of severity (CDEIS; for endo-
scopic assessment of mucosal disease activity. CDEIS< 6:
endoscopic remission) >7 were prospectively included.
Patients under infliximab or any other anti-TNFa agent
on inclusion were not eligible. Stimulation parameters
were: 10 Hz, 500 psec pulse width, no more than
1.5 mA, 30 s ON, 5 min OFF. Intensity was progressively
increased during the first month after implantation from
025 to 150 mA. All patients signed an informed
consent. The study was approved by the institutional
ethics committee (11-CHUG-28) and registered in
ClinicalTrials.gov (Identifier: NCT01569503; First re-
ceived: March 30, 2012). The primary endpoint was to
induce clinical remission (CDAI< 150) and the secondary
endpoints to induce biological and endoscopic remission
and restore vagal tone. The first patient was implanted
on April 2012 and the last one on March 2016. All the
patients entered in a one year follow-up study. Only two
patients were under azathioprine (2.5 mg/kg) on inclu-
sion. VNS induced a deep (clinical-biological-endoscopi-
cal) remission in 5 of the nine patients with restored

vagal tone. The patient on remission on inclusion was
still in deep remission under VNS alone at 1 year. The
last (9th) included patient has just reached the one year
follow-up and is in flare of the disease but did not want
to switch to anti-TNF because he was afraid of the side
effects of anti-TNF. Two patients were removed from
the study after 3 months of VNS despite a clinical
improvement during the two first months of VNS and
switched to infliximab and azathioprine; one of the two
patients was operated (ileocecal resection). These two
patients had the highest CDAI, CRP and CDEIS on in-
clusion as well as the 9th patient included which sug-
gests that VNS, as a slow-acting therapy, is more
indicated in moderate CD. All the 9 patients have still
the device in place. Among the two patients who left the
study at 3 months, the intensity was decreased to
0.5 mA for one patient and stable at 1.5 mA for the
other patient. VNS was well tolerated with the classical
minor side effect represented essentially by hoarseness.
We did not observe any problem of infection either local
or systemic and no VNS device was removed. The data
on the first seven implanted patients after a 6-month
follow-up were recently reported for the first time
(Bonaz et al., 2016).

In a second pilot study (SetPoint Medical Corporation,
ClinicalTrials.gov  Identifier: NCT02311660; First
received: December 3, 2014), D’'Haens et al. (D’Haens
et al.,, 2016) have reported in an abstract form the effect
of VNS for 16 weeks in 8 patients with biologic-
refractory small bowel and/or colonic CD. Patients had a
moderate to severe CD (220 < CDAI< 450) on inclusion,
a CRP 25 mg/L, a fecal calprotectin >200 ug/g, an endo-
scopic score of activity (SES-CD: Simple Endoscopic
Scale for Crohn’s Disease, an endoscopic score corre-
lated with the CDEIS) with the presence of a minimal
ulcer score of 2 or 3 in at least 1 segment, with a history
of inadequate response and/or intolerance or adverse
events to one or more TNF-alpha inhibitors (e.g.,inflixi-
mab, adalimumab, or certolizumab pegol), a 8 weeks
washed out of biologics. Stimulation parameters were:
10 Hz, 250 psec pulse, 2 mA max, for 60 s first then for
5 min. At 8 weeks, stimulations were increased if CDAI
remission was not achieved. Some of the patients had
prior Crohn’s surgery. 8/8 had prior anti-TNF, 4/8
vedolizumab, 2/8 ustekinumab, 8/8 corticosteroids, 5/8
azathioprine, 1/8 mercaptopurine, and 4/8 methotrexate.
The primary endpoint was the change in CDAI from
baseline to week 16 visit: CDAI scores were reduced by
70 in 6 to 8 patients. The secondary endpoints were i)
the rate of clinical response at week 16 visit defined as
CDAI improvement from baseline of at least 70 points
that was obtained in 6/8 patients, ii) rate of clinical
remission at week 16 visit defined as CDAI<150: 3/8
patients were in clinical remission, iij) change in total



SES-CD score from baseline to week 16 visit: endoscopic
scores were reduced in 6 to 8. CRP and fecal calprotec-
tin levels were reduced in patients who achieved clinical
response. HRV was increased in 6 patients, consistent
with an increasing parasympathetic tone. Nine serious
adverse events were reported in 5/8 patients, all of
which were CD-related except for 1 patient with a
device-related postoperative infection.

These two pilot studies show a sign in favor of an
effect of VNS in active CD and are complementary since
our study involved patient naive of biologics on inclu-
sion and with only 2 patients under azathioprine on in-
clusion while in the study of D’'Haens et al. (D’Haens
et al., 2016) highly refractory patients were included with
failure of biologics. Of course a more robust randomized
control trial needs to be performed, in particular includ-
ing patients who are naive of or refractory to biologics.

Very recently, Koopman et al. (Koopman et al., 2016)
have shown that VNS was able to inhibit peripheral
blood production of cytokines (TNFa, IL-1B, and IL-6)
and attenuate disease severity in rheumatoid arthritis,
another TNF-mediated disease.

Noninvasive or invasive VNS?

Classically VNS performed in epilepsy and depression as
well as in the 2 pilot studies in CD patients is invasive,
generally performed by a neurosurgeon familiar with the
technique with a duration of 1 h, with few side-effects.
However, some patients are reluctant to surgery a for-
tiori in a vasculo-nervous region involving the vein and
the external carotid artery which are in close contact
with the VN, thus noninvasive (n) VNS would be
valuable. In addition, if the device can be removed, the
electrode wrapped around the VN is generally left in
place although some authors removed it without major
damage to the nerve and vessels (Champeaux et al,
2017). Devices stimulating the VN at the cervical level
or at the auricular level have been developed. Indeed,
the cymba concha of the external ear is innervated by a
sensory auricular branch of the VN (Peuker & Filler,
2002) that sends projection in the NTS in cats (Nomura
& Mizuno, 1984) and humans (Frangos et al., 2015).
Transauricular (ta) VNS could thus activate the CAP
through an inflammatory reflex. ta-VNS dampened LPS-
induced inflammatory responses in rats that was
suppressed by vagotomy or a7nAChR antagonist (Zhao
et al., 2012). External stimulation of the left cervical VN
decreased whole blood culture-derived cytokines and
chemokines in healthy volunteers (Lerman et al., 2016).
Two n-VNS devices, used for epilepsy, depression, and
headache are available, the NEMOS one (Cerbomed,
Erlangen, Germany) using an intra-auricular electrode
(Stefan et al., 2012) and the GammaCore one (electro-
Core LLC, Basking Ridge, NJ, USA) with two stainless

steel round discs functioning as skin contact surfaces
(Nesbitt et al., 2015). There are presently no published
data regarding the use of these two devices in inflamma-
tory disorders of the digestive tract.

No significant serious adverse events have been
reported with these noninvasive devices. By comparison
to invasive VNS, n-VNS has the disadvantage of its com-
pliance which is an important problem in the treatment
of IBD. Indeed, about 30-40% of IBD patients don’t take
their treatment (Herman & Kane, 2015). In addition,
complementary and alternative medicine-IBD users are
less likely to be adherent to medical therapy than nonu-
sers (Nguyen et al., 2016). One can wonder if it could be
the same problem with these noninvasive devices. In
addition, in the case of the Gammacore device, the
reproducibility of the position of the discs in contact
with the VN is questionable. Finally, in an experimental
model of septic shock, ta-VNS was less efficient than
VNS to attenuate the LPS-induced serum cytokine
(TNFa, IL1S5, and IL6) response (Zhao et al., 2012).

Questions-future for vagus nerve stimulation in
inflammatory bowel diseases

The use of VNS in IBD, wether invasive or noninvasive,
needs convincing data for health-authorities for regula-
tory approval and reimbursement as well as for the com-
munity of IBD physician, and patients who are expecting
a nondrug therapy devoid of side-effects. Consequently a
robust randomized controlled trial looking at VNS vs
sham-stimulated in IBD patients is warranted. Controls
should be implanted but not stimulated. Indeed, even
low frequency VNS (1 Hz) discretely affected the level of
c-fos expression in the rat NTS, compared to sham-
operated animals (Osharina et al., 2006). Regarding the
frequency of stimulation, if low frequency (5-10 Hz) is
supposed to activate vagal efferents (Bonaz et al., 2013),
we have reported in rats that even low frequency stimu-
lation at 5 Hz was able to induce modifications of activa-
tion in the NTS, the first target of the VN in the brain,
as well as in numerous areas of its brain projections
(Reyt et al., 2010). Brain imaging studies in human as
well as c-fos activation in the NTS and other NTS brain
related nuclei have been reported in humans and ani-
mals under VNS respectively (Lomarev et al, 2002;
Osharina et al., 2006). Based on the involvement of both
vagal afferents and efferents in the anti-inflammatory
effect of the VN one can wonder that VNS at 10 to
30 Hz would be of interest in humans. The intensity of
stimulation is generally limited by side-effects such as
pain in the throat which generally disappears when de-
creasing intensity and/or pulse width. Generally intensity
beyond 1.50 mA was not well supported in our pilot
study in CD patients (Bonaz et al., 2016).



Another question is the duration of the stimulation.
Generally, in epilepsy and depression the parameters are
30 s ON and 5 min OFF. This is the timing that we used
in our pilot study. However, Koopman et al. (Koopman
et al,, 2016) performed VNS for 60 s up to 4 times daily
in patients with RA based on a previous work where
VNS delivered once daily for 60 s attenuated joint swell-
ing, inhibited cytokine production and conferred signifi-
cant protection against synovitis and periarticular bone
erosions (Levine et al., 2014). D’Haens et al. (Krahl et al.,
1998) in their preliminary unpublished study also used
intermittent VNS (1 to 5 min per day). However, it
means that the parameters of the device need to be
changed manually with the magnet generally supplied
with the device that is not always convenient except if
the controller is given to the patient. Consequently, a
programmable device would be valuable.

Miniaturization of the VNS device is also warranted.
In the same way, instead of an electrode, a VNS device
which would act as an electrode by clipping it around
the VN would be of interest (see setpointmedical.com;
M@1-0©01123). In that case, a single surgical incision
would be sufficient thus reducing the duration of the
surgery. Another important progress would be a device
that is able to record vagal tone and able to trigger VNS
in case of low vagal tone to restore a normal tone. A
VNS system, AspireSRTM, already approved in Europe,
and created by Cyberonics Inc. analyzes relative changes
of heart rate, particularly ictal tachycardia, and responds
to seizures automatically.

Anti-TNFa drugs are presently the best treatment to
prevent postoperative recurrence of CD (Qiu et al,
2015). Surgery cures CD lesions and since VNS is a
slow-acting therapy, it could be an interesting tool in
such patients. Another possibility would be to use com-
botherapy (drugs + VNS) to induce mucosal healing
with biologics and then VNS could take over the time of
its efficacy. The two pilot studies of VNS in IBD (Bonaz
et al., 2016; D’Haens et al., 2016) focused on CD but
VNS in UC, which involves the recto-colon, would be
also of interest. IBD occurs in childhood-adolescence in
about 25% (Sawczenko et al., 2001). VNS for epilepsy in
children younger than 12 years is off-label but pediatric
studies have reported comparable efficacy as for adult
patients (Elliott et al., 2011). Consequently, VNS in
children with IBD should be of interest.

The cost of VNS was saved within 2 years following
implantation of the device in drug resistant epilepsy
(Boon et al,, 1999). In the same way, the treatment of
IBD is estimated to be reduced with VNS. The total
modeled per patient infusion therapy costs in year 1
with infliximab was $38,782; drug acquisition cost was
the largest total costs driver (90-93%) (Afzali et al,
2017). The cost of the device (neurostimulator +

electrode) is ~ $11,000. The battery lasts between 7 and
10 years depending on the frequency of stimulation and
intensity of the current. Battery life is correlated with
charge, the lower pulse widths (250 and 130 ps) and
their respective threshold currents conserve battery life
more effectively than the longer pulse widths (500, 750,
or 1000 ps) (Helmers et al, 2012). Battery demand is
also affected by duty cycle and signal frequency
(increases in both of these parameters will negatively
affect battery longevity) (Helmers et al., 2012).

VNS is intermittent and regular as classically pro-
grammed. There is no special rule to follow in program-
ing of VNS but adjustment to higher settings of the
parameters is usually performed progressively, particu-
larly for intensity. High stimulation (30 Hz, 30 s on,
5 min off, 500 psec pulse width) is more effective than
low stimulation (1 Hz, 30 s on, 90-180 min off, 130 usec
pulse width) in epilepsy (Schachter & Boon, 2007).
Higher output current is necessary if no improvement
is observed in the early phase of VNS in epilepsy;
20% of non-primary responders showed response after
an increase of current intensity (Bunch et al., 2007).
Consequently, in IBD such an adaptation could be
performed.

In a very recent elegant study, Hulsey et al. (Hulsey
et al, 2017) recorded neural activity in the LC in
response to VNS over a broad range of current ampli-
tudes, pulse frequencies, train durations, inter-train in-
tervals, and pulse widths. Brief 0.5 s trains of VNS drive
rapid, phasic firing of LC neurons at 0.1 mA. Higher
current intensities and longer pulse widths drive greater
increases in LC firing rate. Varying the pulse frequency
substantially affects the timing, but not the total amount,
of phasic LC activity. These results provide insight into
VNS-evoked phasic neural activity in multiple neural
structures and may be useful in guiding the selection of
VNS parameters to enhance clinical efficacy.

Morphometric parameters of the VN may have a role
to influence the efficacy of VNS. However, very few data
are available in that area. Activation of nerve fibers dur-
ing VNS depends on several factors: i) fibers located
closer to the perimeter of the nerve and thereby closer
to the VNS therapy cathode are exposed to a stronger
electric field and are easier to excite than fibers located
deeper in the nerve, ii) fibrous tissue encapsulation at
the site of electrodes forms within 4-8 weeks after
implantation and can increase resistance thus altering
the electric field and increasing voltage requirements for
fiber excitation, iii) fiber myelination and fiber diameter.
Classically, ~20% of vagal fibers are myelinated A and B
fibers and the remaining 80% are non-myelinated C-
fibers; the conduction velocity of myelinated fibers is
proportional to their size (Erlanger & Gasser, 1930).
Vagal A-fibers are the largest and myelinated fibers and
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carry afferent visceral information and motor input
while vagal B-fibers are small and myelinated fibers
carrying parasympathetic input. Finally, vagal C-fibers
are small and unmyelinated and carry afferent visceral
information. C-fibers were supposed to be involved in
the effects of VNS but their destruction by capsaicin did
not suppressed the effects of VNS on seizures in rats
(Krahl et al., 2001) thus arguing for the involvement of
myelinated A and B fibers in the effect of VNS. Fibers
with larger diameters require less current to reach the
stimulus thresholds for recruitment and have higher
conduction velocity than fibers with smaller diameters.
Therefore, as current increases, fibers are recruited in
the following order: A group, B group, and C group.
However, successful recruitment of fibers with the same
diameter varies depending upon their proximity to the
stimulus source. Selective stimulation of a group of fi-
bers to affect only a certain portion of the brain may not
be effective in many patients. Achieving full activation of
the VN requires selecting the right combination of VNS
therapy parameter settings. Based on a computational
model, Helmers et al. (Helmers et al., 2012) have shown
that a range of output current settings between 0.75 and
1.75 mA with pulse width settings of 250 or 500 ps may
result in optimal stimulation. The spiral electrode
wrapped around the cervical left VN does not fully en-
circle the VN, but wraps approximately 270 degrees
around it. The bipolar helical nerve electrode is the only
design that is currently approved by the FDA for VNS
therapy. Consequently, higher stimulation may be re-
quired for the activation of the nerve fibers present in
the area not covered by the electrode. In contrast, fibers
located near the perineurium of a fascicle are exposed to
a stronger electric field (Helmers et al., 2012). In
addition, the large variation in epineurial connective tis-
sue might influence the effectiveness of VNS (Helmers
et al.,, 2012). Verlinden et al. (Verlinden et al., 2016) have
shown that the right cervical VN has a 1.5 times larger
effective surface area than the left nerve and that there
is a broad spreading within the individual nerves. They
also showed that at the right side, the mean effective
surface area at the cervical level is larger than at the
level inside the skull base implying that the VN receives
anastomosing and ‘hitchhiking’ branches from areas
other than the brainstem. In addition, tyrosine hydroxy-
lase- and dopamine f3-hydroxylase-nerve fibers have
been individualized in the VN, indicating a catechol-
aminergic neurotransmission. Consequently, a sympa-
thetic activation could be part of the mechanism of
action of VNS. There is presently no recommendation
on the positioning of the electrodes, as no method has
been developed to predict whether a particular fascicle
or multiple fascicles within the nerve should be
recruited to elicit a therapeutic response.

All the technical points developed above should be
taken into consideration in clinical studies and may
influence the results of these studies.

Conclusion

Based on the anti-inflammatory role of the VN, the use
of VNS in the era of Bioelectromic Medicine opens new
therapeutic avenues for the treatment of chronic inflam-
matory disorders such as IBD. Recent pilot studies have
provided a sign in this direction. However, these data
need to be confirmed in a more robust randomized con-
trol trial. In addition, looking at the optimal parameters
for anti-inflammatory conditions is warranted. RA and
psoriasis, other TNF mediated diseases, are also thera-
peutic targets of VNS.
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