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Abstract: Chronic stress is thought to be involved in the occurrence and progression of multiple
diseases, via mechanisms that still remain largely unknown. Interestingly, key regulators of the stress
response, such as members of the corticotropin-releasing-hormone (CRH) family of neuropeptides
and receptors, are now known to be implicated in the regulation of chronic inflammation, one of
the predisposing factors for oncogenesis and disease progression. However, an interrelationship
between stress, inflammation, and malignancy, at least at the molecular level, still remains unclear.
Here, we attempt to summarize the current knowledge that supports the inseparable link between
chronic stress, inflammation, and colorectal cancer (CRC), by modulation of a cascade of molecular
signaling pathways, which are under the regulation of CRH-family members expressed in the brain
and periphery. The understanding of the molecular basis of the link among these processes may
provide a step forward towards personalized medicine in terms of CRC diagnosis, prognosis and
therapeutic targeting.
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1. Introduction

Stress, known as a threat to maintaining organism homeostasis, is an event that most animal
species experience. The idea that frequent, chronic, or excessive stress can affect the human body by
increasing the risk of developing a disease is not new. According to Hippocrates, disease is nothing
more than a ‘somatized’ reaction to stressful emotions. Over the years, it is becoming clear that stress is
involved in the pathophysiology of a variety of diseases, including psychiatric and neurodegenerative
disorders, autoimmune diseases, and inflammatory and metabolic syndromes [1–3].

Regulatory systems, like neural, endocrine and immune, are all involved in stress response [4–6].
The central stress response is mainly regulated by components of the corticotropin releasing hormone
(CRH) family of neuropeptides and receptors, through their actions in the hypothalamic–pituitary–adrenal
(HPA) axis [7]. In mammals, the CRH family consists of the peptides CRH, urocortin I (Ucn1), II (Ucn2),
III (Ucn3), and the CRH-binding protein (CRH-bp) which, upon binding to CRH and Ucn1, mediates
the peptide inactivation. The biological actions of CRH and the related peptides Ucn1, 2 and 3 are
exerted by interactions with two distinct CRH receptor subtypes, CRH receptor 1 (CRHR1) and CRH
receptor 2 (CRHR2). Both receptors belong to G-protein coupled receptors (GPCRs) family and signal
through a cAMP-dependent mechanism. CRH and Uncs bind with distinct affinities to CRHR1 and
CRHR2; Ucn1 binds both CRHR1 and CRHR2, whereas Ucn2 and 3 are selective ligands for CRHR2.
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The affinity of Ucn1 and 2 to CRHR2 is similar and higher than that of Ucn3 [8]. The above receptors
are distributed throughout the central nervous system (CNS) and in peripheral organs, including the
small and large intestines [5,8,9].

Stress mediates its downstream effects at least through disorganizing the function of the immune
system in multiple directions. Experimental evidence has shown that acute stress increases resistance
to infection and favors the activation of innate immunity, while chronic stress suppresses the adaptive
immunity, thus making the body vulnerable to inflammatory, neoplastic, and autoimmune diseases [10].
Accordingly, excessive physical or psychological stress in humans has been reported to exert short
and lasting effects on the function of many peripheral organs, including the lower gastrointestinal
(GI) tract [11–15]. Several studies have clearly shown that stress alters intestinal functions such
as gut motor and mucosal activity, visceral hypersensitivity, as well as epithelial barrier and local
immune functions, via pathways involving peripheral CRH signaling [16]. These alterations have been
reported to be involved in the onset and pathophysiology of chronic intestinal disorders, including
inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) [9,15,17]. IBD is considered one
of the predisposition factors for developing dysplasia and colorectal cancer (CRC) [18–21], mainly via
modulation of the local immunological profile. A modified immune microenvironment in the colon
can induce tumor initiation and progression by accelerating angiogenesis, cell proliferation and tumor
cell invasiveness [18].

Here, we discuss the role of stress in the mobilization of intestinal inflammatory disorders and the
development, progression and immune surveillance of neoplastic disease in the colon. Focus is given
on the participation of the central and peripheral CRH system, as the core component of the molecular
signaling networks that interconnect the above processes and can be targeted therapeutically.

2. The CRH System in the Regulation of Stress Response

Among CRH neuropeptides, CRH is the key neuroedocrine mediator in the central HPA axis stress
response [22]. In the presence of stressor stimuli of endogenous or exogenous origin, hypothalamus is
stimulated to secrete CRH, which in turn promotes the release of adrenocorticotropic hormone (ACTH)
from the anterior lobe of the pituitary. ACTH, then, stimulates the cortex of the adrenal glands to secrete
glucocorticoids (GCs), the main class of corticosteroids. Behavioral, nervous, and/or neuroendocrine
stimuli are able to induce release of hypothalamic CRH [5,8,23]. The hypothalamus and pituitary
respond to HPA–axis hyperactivity (exhaustion) under chronic stress conditions, as prolonged GC
production can result in a negative feedback loop and attenuation of HPA stress response, through
reduction of CRH and ACTH output exposure [4,5,7,24,25].

Besides the central stress response of HPA-axis, stressful stimuli can also activate the medulla
of adrenal glands to release catecholamines (adrenaline and noradrenaline), via stimulation of the
sympathetic branch (SNS) of the autonomous nervous system (ANS), known as sympatho–adreno–
medullary (SAM) axis, in an HPA-independent manner [4,5,26–29]. The action of CRH as a neurotransmitter
in SAM-axis dependent stress responses is also critical [28]. Briefly, in response to stressors, CRH
produced by the hypothalamus stimulates the locus coeruleus (LC), a noradrenergic center of the
brainstem, to activate the α1-adrenergic receptors (α1-adrenoceptors) on preganglionic sympathetic
neurons in the spinal cord [30,31]. The SNS activation triggers the medullary centers to stimulate
endocrine pathways to produce catecholamines and particularly adrenaline. Adrenaline in turn
acts in accelerating the sympathetic response to stressors and in promoting HPA-axis activity by
stimulating CRH and ACTH production from hypothalamus and pituitary respectively, thus creating
a positive bidirectional feedback loop [32]. It is generally accepted that adrenal medulla-secreted
hormones mediate mainly short term (acute) stress responses, while adrenal cortex-derived hormonal
signals control more prolonged (chronic) stress responses [33]. Figure 1 summarizes schematically the
involvement of CNS and ANS in the regulation of stress response, as described above.



J. Clin. Med. 2019, 8, 1669 3 of 26
J. Clin. Med. 2019, 8, x FOR PEER REVIEW 3 of 25 

 

 
Figure 1. Schematic representation of the actions of HPA and SAM axes in the regulation of stress 
response. CRH is the key neuroendocrine mediator in HPA activation. The two axes interact with 
each other, through a positive bidirectional feedback loop, as described above. ACTH, 
adrenocorticotropic hormone; CNS, central nervous system; CRH, corticotropin releasing hormone; 
GCs, glucocorticoids; HPA axis, hypothalamic–pituitary–adrenal axis; LC, locus coeruleus; SAM, 
sympatho–adrenal–medullary axis. 

A negative feedback mechanism in the SAM axis is mediated by the central α2-adrenergic 
receptors, present in the LC and nucleus tractus solitaries (NTS) of the noradrenergic system of the 
brainstem [26,34]. CRH released in LC can also stimulate the parasympathetic preganglionic 
neurons in the brainstem and the spinal cord [30], leading to elevation of peripheral levels of 
acetylcholine, the main neurotransmitter of the other branch of ANS, the parasympathetic nervous 
system (PNS) [29,35]. PNS has a counter activity on SNS and usually is stimulated when the stressful 
situation is alleviated and no further SNS activation is needed for maintaining the physiological 
homeostasis [36].  

3. Intestine: A Stress Target 

The lower GI tract is one of the many peripheral organs targeted by stress [11–15]. The central 
neural network of the brain, which is responsible for the stress response through HPA activation, is 
connected to the enteric nervous system (ENS) by parasympathetic and sympathetic channels of 
ANS, forming the “brain-gut axis” (BGA) [37] also found in the literature as “gut–brain axis” (GBA) 
[38]. ANS, through the sympathetic and parasympathetic limbs, drives afferent signals coming from 
the lumen and transmitted through enteric, spinal and vagal pathways to central nervous system 
(CNS) and efferent signals from CNS to the intestinal wall [38]. The bidirectional communications 
among the BGA components, CNS, HPA, ANS, and ENS, involve neuro–immuno–endocrine 
mediators that link emotional and cognitive centers of the brain with peripheral intestinal functions, 
including intestinal permeability and local immunity [38]. Stress-induced activation of HPA and 
SAM axes may modify intestinal immune activity, via a bidirectional brain-to-immune crosstalk 
(neuro–immune crosstalk). The stressful signals may be translated into immune changes, while 
immune cell products may interfere with neuronal pathways [26,27]. CRH, either as a product of the 
HPA activation under stressful conditions, or, as a peripherally secreted neuropeptide, plays critical 
role in regulating BGA functions through neuro–immune crosstalk and consequently the intestinal 
immune responses [11,16,39]. 

3.1. Stress and Intestinal Inflammation. Impact of the CRH–Immune System Crosstalk 

Figure 1. Schematic representation of the actions of HPA and SAM axes in the regulation
of stress response. CRH is the key neuroendocrine mediator in HPA activation. The two axes
interact with each other, through a positive bidirectional feedback loop, as described above. ACTH,
adrenocorticotropic hormone; CNS, central nervous system; CRH, corticotropin releasing hormone;
GCs, glucocorticoids; HPA axis, hypothalamic–pituitary–adrenal axis; LC, locus coeruleus; SAM,
sympatho–adrenal–medullary axis.

A negative feedback mechanism in the SAM axis is mediated by the central α2-adrenergic
receptors, present in the LC and nucleus tractus solitaries (NTS) of the noradrenergic system of the
brainstem [26,34]. CRH released in LC can also stimulate the parasympathetic preganglionic neurons in
the brainstem and the spinal cord [30], leading to elevation of peripheral levels of acetylcholine, the main
neurotransmitter of the other branch of ANS, the parasympathetic nervous system (PNS) [29,35].
PNS has a counter activity on SNS and usually is stimulated when the stressful situation is alleviated
and no further SNS activation is needed for maintaining the physiological homeostasis [36].

3. Intestine: A Stress Target

The lower GI tract is one of the many peripheral organs targeted by stress [11–15]. The central
neural network of the brain, which is responsible for the stress response through HPA activation,
is connected to the enteric nervous system (ENS) by parasympathetic and sympathetic channels of
ANS, forming the “brain-gut axis” (BGA) [37] also found in the literature as “gut–brain axis” (GBA) [38].
ANS, through the sympathetic and parasympathetic limbs, drives afferent signals coming from the
lumen and transmitted through enteric, spinal and vagal pathways to central nervous system (CNS)
and efferent signals from CNS to the intestinal wall [38]. The bidirectional communications among the
BGA components, CNS, HPA, ANS, and ENS, involve neuro–immuno–endocrine mediators that link
emotional and cognitive centers of the brain with peripheral intestinal functions, including intestinal
permeability and local immunity [38]. Stress-induced activation of HPA and SAM axes may modify
intestinal immune activity, via a bidirectional brain-to-immune crosstalk (neuro–immune crosstalk).
The stressful signals may be translated into immune changes, while immune cell products may interfere
with neuronal pathways [26,27]. CRH, either as a product of the HPA activation under stressful
conditions, or, as a peripherally secreted neuropeptide, plays critical role in regulating BGA functions
through neuro–immune crosstalk and consequently the intestinal immune responses [11,16,39].
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3.1. Stress and Intestinal Inflammation. Impact of the CRH–Immune System Crosstalk

In general, stress interferes with the innate, or adaptive immunity, or even dysregulates the balance
between cellular and humoral immunological responses [26,28,40]. CRH acts as a key mediator of the
immunological stress response, by promoting mainly the release of corticosteroids and catecholamines
upon activation of HPA and SAM axes by stressors. The immune system is vulnerable to both acute and
chronic stress, mainly by being susceptible to corticosteroid and catecholamine levels. These hormones
bind specific β2-adrenergic receptors present on white blood cells and have wide-ranging regulatory
effects on their trafficking, proliferation and differentiation, as well as in cytokine production [28,41].
Different lymphocyte populations are characterized by variations in receptor density and ligand affinity
that are considered critical for their responsiveness to stress [42–44]. CRH and ACTH can also alter the
immune system function directly. ACTH has a high binding affinity to lymphocytes, while CRH may
modulate immunity, by acting directly on secondary lymphoid organs, such as the spleen [40,45,46].
While stress, in the short run, may have at least some beneficial effects on immune cell functions and
on well-being, it is chronic stress the one that puts things wrong, by increasing the risk of developing
various disorders, including inflammatory and neoplastic diseases [26,28].

Acute and chronic stressors have been reported to increase various inflammatory markers [47,48].
A potential interaction between chronic stress and inflammatory cytokine responses to acute stress
has also been reported [49,50]. Excessive stress caused by chronic bad lifestyle habits, such as poor
diet or dismal life events, may inflate cortisol levels, as a result of HPA activation. High cortisol levels
in turn can cause BGA disturbance and subsequent immune system dysregulation in the GI tract.
The consequences include compromised food digestion and absorption by the intestine, development
of indigestion and an irritated and inflamed mucosal lining. The resulting mucosal inflammation helps
keeping the cortisol levels high and disorganizing the immune system, which in turn cannot respond
to persistent inflammation, that becomes over the time chronic [51,52].

The gut wall is protected by a well-developed immune system and an epithelial barrier that
regulates the passage of fluids, macromolecules and antigens. It also helps in limiting bacterial
colonization by releasing mucus, antimicrobial peptides and immunoglobulins [16]. A physical
disruption in gut epithelial barrier affects negatively the gut wall, allowing pathogens to invade the
lamina propria, thus interfering with the local immunity and causing intestinal inflammation [16,53,54].
In addition, alterations in the propulsive motor function responsible for the colonic motility have
been shown to trigger inflammatory conditions in the gut [11]. Experimental evidence supports a
critical involvement of the central and peripheral CRH system in the regulation of both the above
processes, since peripheral or systemic injection of CRH significantly promotes colonic motility and
epithelial barrier permeability, thus conferring in the development of inflammatory conditions in the
intestine [11,37,55].

The most frequent inflammatory disorder in humans that affect the lower GI tract and has
been linked with higher risk for developing CRC is IBD [15,17,54,56]. Briefly, IBD is a chronic,
idiopathic inflammatory condition that may exist either as ulcerative colitis (UC) or as Crohn’s disease.
The incidence rate of both diseases is 10/100,000 people per year, with higher frequency in developed
countries [57]. As inflammation appears to be the main component in the pathogenesis of IBD,
several in vitro and in vivo studies have now shown that various environmental factors, including
infections, together with genetic predisposition to inflammation, may converge to IBD development [58].
The prolonged inflammation results in deep ulcers and scarring of the intestinal wall, as well as in
fistula formation. In general, the inflammatory process in the intestine during IBD is triggered by
activation of innate and adaptive local immune responses via multiple mechanisms, including Toll-like
receptor-mediated recognition of microbial structures and Th1 and Th17 activation [59]. Many of these
immune-associated mechanisms can be driven by the CRH system components [59], as discussed in
Section 4.1.

Stress is also a major component of IBS, even though this intestinal inflammatory disease has
not been linked to increase in CRC incidence rates [15]. IBS pathophysiology is characterized by
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over-sensitization of the nerves and muscles of the colon, which leads to a variety of clinical chronic
symptoms. In contrast to IBD, IBS can display only low-grade inflammation in the colonic mucosa [17].
Depending on the diagnostic criteria, IBS affects globally around 11% of the general population,
with women being more susceptible to the disease than men [17,58].

Although, it has long been accepted that both IBD and IBS susceptibility lies primarily in the
domain of immune regulation, or epithelial integrity, only recently it became increasingly clear that
neuro–immune interactions, via the participation of CRH or other neuropeptides, can substantially
influence the intestinal functions and the immune responses in the GI tract. On this context, stress
may have a catalytic role in mobilizing this neuro–immune interaction in gut and therefore affecting
intestinal inflammation. As such, stress may influence gastrointestinal motility and ion secretion,
mast cell degranulation and IFN-γ surge [60]. Nevertheless, although there is an active debate in
the literature about whether stress is the dominant predisposition factor for triggering IBD onset,
there is a general agreement that stress may stimulate, or enhance the inflammatory responses in the
gut with, or without HPA disturbance [38,61]. These peripheral mechanisms include stress-induced
increase of intestinal permeability, via vagus nerve-mediated activation of cholinergic nerves and/or
atropine-sensitive transcellular and paracellular pathways [62–64]. The increase in epithelial barrier
permeability in the bowel observed in IBD, is possible to lead to further microbial penetration and
translocation, which in turn augments the inflammatory and immune response and amplifies the gut
motor and sensory function dysregulation [65,66]. In addition, other stress-modulated mechanisms,
such as altered secretion of chemokines and neuropeptides other than CRH (e.g. neurotensin, and
substance P, vasoactive intestinal peptide), as well as activation of immune, or other origin cell subsets,
may further confer to neuro–immune crosstalk, resulting in disturbance of intestinal cytokine balance
and barrier integrity during the course of IBD progression [67,68]

In the following paragraphs, we briefly discuss some of the multiple mechanisms underlying the
basis of how the chronic inflammatory state, inherent in IBD, promotes malignant transformation of
the colonic mucosa and progression of the disease. Special focus is given on the role of the central and
peripheral CRH signaling in the above processes, as one of the critical components of the neuro–immune
crosstalk that mediate the stress effects on GI tract.

3.2. Inflammatory Signals and CRC Initiation and Progression: The Role of the Immune Microenvironment

It is well recognized that chronic inflammation is one of the main predisposition factors not
only for cancer progression but also for contributing to neoplastic formation [18]. Patients with IBD
have 2 to 6 times higher risk to develop dysplasia and colorectal cancer (CRC) compared to the
general population [19–21], while CRC is responsible for the 10%–15% of the annual deaths among
IBD patients [19]. In addition, IBD-associated CRC mainly affects young ages, with most of the cases
showing a 5-year survival rate lower than 50% [19].

The immune imbalance in the intestinal microenvironment is considered essential for initiation
and progression of cancer, including CRC [69]. A number of inflammatory cytokines present in
the microenvironment of the inflamed colon is able to initiate carcinogenesis, through induction of
genotoxic compounds, such as reactive oxygen species (ROS) and reactive oxygen intermediates (RNI),
leading to DNA damage or activation of survival pathways, including STAT3 and NF-κB [18,56,70,71].
Furthermore, high levels of tumor infiltrated macrophage-derived MMP-9 found in CRC specimens
have been associated with high risk of metastasis and poor disease outcome, as MMP-9 promotes
degradation of the type IV collagen of the basement membrane [72].

Given the crosstalk between the gut microbiota and the immunological niche in the intestinal
mucosa that determines host immunity [73], it was suggested that inflammatory disorders like IBD
are tightly regulated by changes in gut microbiota composition, known as dysbiosis [74]. Indeed,
microbial dysbiosis in the gut has been reported to promote BGA dysfunction, leading to local
immunological imbalances and inflammation. Inflammation in turn can inflate modifications in
molecular signaling networks in intestinal cells [73,75]. At the gene level, these modifications may
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concern epigenetic, or carcinogenic changes, which eventually pave the way to the onset and progression
of gastrointestinal tract malignancies, including CRC [74,76,77]. The effects of intestinal microbial
dysbiosis and inflammation on colon tumorigenesis have been studied in animal models, such as the
azoxymethane/interleukin-10 knockout (AOM/Il10-/-) mouse model [78]. The inflammatory potential
of chronic gut dysbiosis is further associated with CRC development by facilitating cell proliferation
and providing a microenvironment that supports alterations in stem cell dynamics and biosynthesis of
toxic and genotoxic metabolites that eventually affect the host metabolism, including glycolysis [79,80].
The produced toxins may contribute to early colon tumorigenesis via multiple pathogenic mechanisms,
including among others deregulation of vital transduction networks in the colonic epithelium,
such as the NF-κB, Wnt and MAPK pathways, disturbance of the Th17/IL-17 axis that regulates
the differentiation of myeloid cells into myeloid-derived suppressor cells, and elevation of the Treg
population [81–84]. In contrast, the anti-inflammatory role of many probiotic bacteria strains in
decreasing the CRC incidence has been well demonstrated. Emerging evidence derived from in vitro
and in vivo studies, where Lactobacillus rhamnosus was used, has revealed increased colonic epithelium
cell apoptosis by induction of p53 and BAX expression, modulation of cytokine-producing human
dendritic cells, reduction of the pro-inflammatory gene productsβ-catenin and NF-κB/p65, modification
of the expression of TLR2, TLR4 and TLR9 receptors, as well as enhancement of the intestinal epithelial
barrier function [85–89].

Accordingly, findings from recent studies that have integrated clinical- and genome-based
prediction methods have revealed molecular network modules that may function synergistically
towards inflammation-induced carcinogenesis in the colon [90]. Using TGF-β1-transformed colonic
epithelial cells and a CRISPR-Cas9 screening strategy, Guo and colleagues managed to come up with
an inflammation-induced differential genetic interaction network that was characterized by opposing
synergistic crosstalk among its members [90]. The observed interactions were either CRC-promoting,
or CRC-suppressing, depending on the deletions in the immune, proliferation and metabolism
modules [90]. These findings underline the synergistic effects that occur among the above modules
and appear to be necessary for the onset and progress of dysplasia of colorectal mucosa under
inflammatory conditions.

Overall, the spectrum of the regulators and the underlying molecular mechanisms involved in
chronic inflammation-induced tumorigenesis and progression seems to be quite more complex than
what we know so far and therefore it needs further elucidation.

3.3. Distribution of Peripheral CRH Family Members in Normal and Inflamed Intestine

Stress, either in the form of interoceptive stimulus, such as infection and inflammation, or as an
exteroceptive factor (psychological or physical stress) may affect the expression of the peripheral CRH
family members in the intestine [52].

The distribution of CRH-related peptides and receptors in normal small and large intestine
differs significantly among species and tissue types and it is not limited to enteric neurons and nerve
fibers [9,16,91]. Non-neuronal expression of CRH has been found in enterocrine cells in rat and
human, as well as in other epithelial cells and monocytes in humans [9,16,17]. In humans, lamina
propria-derived mononuclear cells are characterized by Ucn1 overexpression. In contrast to the rat
colon, which is rich in Ucn2 transcript numbers along the entire duodenal-rectal region, Ucn2 mRNA
levels are low, or undetectable in the murine and human colon, respectively [52,92–94]. Ucn3 expression
has been described mainly in the enteric plexuses of the human colon, smooth muscles, endothelium,
and to a lesser extend in lamina propria mononuclear cells [9]. Non-neuronal expression of CRHR1
has been reported in lamina propria cells in rat colon and in lamina propria mononuclear cells and
subepithelial mast cells in human colon biopsies [9]. The expression of CRHR2 has been reported
in the rectum in rat; while in human CRHR2 mRNA and protein have been detected in lamina
propria-derived mononuclear and epithelial cells [9,16]. Concomitantly, CRHR2 has been also detected
in enteric plexuses, the endothelium and the vascular smooth muscles in the human colon. In contrast



J. Clin. Med. 2019, 8, 1669 7 of 26

to CRHR1, CRHR2 levels in muscle layers have been found to be decreased with gestation in an ovine
fetus model [9].

In normal intestine, neuronal expression of CRH has been found in a moderate number of
myenteric VIPergic (vasoactive intestinal peptide) neurons and in nerve fibers located in the mucosa,
submucus ganglia and the circular muscle layer in the rat colon [95,96]. Ucn1 expression persists
over CRH in cholinergic and serotonergic submucous and myenteric neurons of the rat colon [9,97].
In contrast to Ucn2, Ucn3 expression has been detected in human enteric neurons and glial cells [9].
Expression of CRHR1 mRNA and protein has been detected mainly in cholinergic myenteric neurons
and myenteric fibers of the rat colon, which are in close proximity with Ucn1-expressing neuronal
bodies [98]. In the same model, neuronal CRHR2 expression was limited to fibers of unspecified
origin [9].

The expression of CRH family members also appears to differ among various inflammation-related
animal models and IBD biopsies, following a species and tissue-related manner of distribution [9].
However, the upregulation and the pro-inflammatory action of CRH seem to be a hallmark in all
intestinal inflammatory disorders [99,100]. In a murine Clostridium difficile (CD) toxin A- induced
inflammation model, increased CRH and both CRHR1 and CRHR2 expressions were detected on
sub-epithelial cells and lamina propria and epithelial cells, respectively. Treatment with a CRHR1
antagonist reduced inflammation, thus suggesting a pro-inflammatory role of CRHR1 in this model [101].
Similarly, SCID mice bearing a human fetal intestine graft in which inflammation had been induced by
CD toxin A, showed increased colonic mucosal CRHR2 and Ucn2 levels [102]. In rat LPS-induced and
peptidoglycan-polysaccharide-induced inflammation models, increased CRH mRNA expression was
detected in the enteric plexuses, colonic mucosa, and submucosa and inflammatory and mesenchymal
cells, respectively [103,104]. In contrast, in rat TNBS–induced colitis models, a significant decrease in
CRHR2 expression was observed on myenteric neurons and macrophages during the inflammation
onset, followed by significant induction of Ucn2 expression, which possibly was mediated by increased
infiltration of Ucn2-expressing immune and fibroblast cells [9,94,101]. Concomitantly, significant
CRHR2 downregulation in human colonic mucosa has also been detected in ulcerative colitis (UC) [105].
Furthermore, the severity of intestinal inflammation has been reported to exert critical role in the
expression of CRH related peptides and receptors. Levels of mucosal cell-derived Ucn1 were found
lower in biopsies from GC-treated IBD patients and higher in cases of more severe inflammation, while
in CD-derived biopsies the epithelial expressions of CRHR2 and Ucn2 were increased in regions of
active inflammation as compared to non-inflamed intestinal regions [9,102,106].

Overall, stress-induced alterations in the expression of CRH family members may critically affect
peripheral CRH signaling, contributing further to brain-gut axis dysfunction and sustaining pro-and
post-inflammatory responses in human intestine, as described in the following section.

4. Peripheral CRH-Driven Mediators of Intestinal Inflammation

The intestinal epithelium consists of numerous cell subsets that are implicated not only in the
regulation of the intestinal epithelial barrier functions and its secretory and motor activities, but also in
the activation of the local innate and adaptive defense mechanisms [16]. Most of these cells and the
processes they are involved with, may be affected by peripheral CRH signaling, contributing therefore
negatively, or positively in the establishment of intestinal inflammatory reactions.

Based on the literature, the activation of peripheral CRH receptors frequently results in
contradictory effects, depending on the intestinal region they are expressed and act, the type
of the targeted cell population and the nature and intensity of the stimulus. Depending on
the inflammation status (acute or chronic), the derived signals might act differently. CRHR1
activation appears to mainly sustain and promote inflammation, while CRHR2-driven signaling
seems to drive anti-inflammatory responses, especially under low availability of its selective
ligand, Ucn2 [100,101,107–111]. This generalized pattern of peripheral CRHR1/CRH-mediated
pro-inflammatory and CRHR2-dependant anti-inflammatory responses in the intestine differentiate
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significantly across the GI tract, and in many cases show a species and time-sensitive distribution.
Characteristically, in a DSS induced colitis murine model, CRHR1 knockdown showed decreased
intestinal inflammation, while CRHR2 knockdown exerted increased inflammation, thus supporting the
pro-inflammatory and anti-inflammatory roles of CRHR1 and CRHR2 respectively in the intestine [108].

Below, we present an overview of the major mediators of intestinal inflammation, whose
contribution to inflammatory responses has been reported to be affected by peripheral CRH
signaling. Special focus is given on peripheral CRH-driven modifications in adaptive and local
innate immunity, fibroblast and endothelial cell functions, enteric neuron signaling, as well as in
intestinal microbiota composition.

4.1. Immunity

Although for several years the intestinal inflammatory disorders, such as IBD and IBS, were
considered to be neurological conditions that result from alterations in BGA, growing evidence
reveals local immunological disturbances and cytokine pattern imbalances in IBD and IBS patients,
boosted by peripheral CRH signaling [17,112]. Most of the in vitro data, derived bydifferent species,
comply with a local pro-inflammatory action of peripheral CRH, via induction and release of
pro-inflammatory cytokines from GI-derived immune cells [17,100,113,114] and stimulation of
neutrophil chemotaxis [115].

In the following paragraphs, we outline the input of peripheral CRH signaling on cell populations
involved in adaptive and innate immunity in the intestine and overview the contributing role of these
CRH-driven alterations onn local inflammatory responses.

4.1.1. Adaptive Immunity

B and T cells

B and T cell populations, the specific cells of adaptive immunity, are mainly found in the
intestinal mucosa [116]. Their number, activation status, and secreted cytokine and antibody patterns,
differentiate significantly in intestinal inflammatory conditions, thus supporting their role in local GI
inflammation. IBS patients’ colonic biopsies show increased infiltration of activating CD69 expressing
T cells [17,112], while in other studies the rise in T lymphocytes, following GI infection, has been
associated with augmented gut permeability [117] and changes in gut motility [118]. Likewise, B cells
derived from IBS patients’ blood or LPS-exposed B cells displayed elevated expression of co-stimulatory
molecules such as CD80, resulting in amplified activation [119]. The number of IgA-secreting B cells,
known to protect intestinal mucosal surfaces from invasion of pathogens, is reduced in the ascending
colon of IBS patients [120].

Considerable amount of evidence has also demonstrated T and B cell ability to expressand secrete
CRH, which may act locally as a pro-inflammatory mediator [121,122]. IBD is characterized for
driving Th1 and Th17 lymphocyte responses, such as production of IFN-γ, TNF-α, IL-1, IL-6, IL-8,
and MIP-1α which trigger and maintain inflammation in the intestine, partly through neutrophil
chemotaxis [115,123]. This immunological cytokine pattern cannot be counteracted by Treg and Th2
cell-driven anti-inflammatory responses as under physiological conditions [123,124]. CRH triggers
lymphocyte proliferation by inducing IL-2R overexpression and IL-1 and IL-2 secretion [125]. Mitogenic
stimulation of T cells with PHA, temporarily increased CRH expression [126], while CRH release
by human B and T cells is triggered by stressful stimuli such as hyperthermia, hyperosmolarity,
and hypoxia and controlled by GC levels [100,121,127]. Ucn1 synthesis and release by immune
cells [92,128] may further induce IL-6 release, which is linked to ERK, p38 MAP kinase, and NF-κB
activation, thus evoking a local pro-inflammatory reaction [129].

In vivo findings have further corroborated the pro-inflammatory role of CRH and CRHR1 in the
intestine, through direct influence on the cytokine profile secreted by the immune cells of the adaptive
immunity. In rat and murine CD toxin A-induced ileal inflammation and TNBS-induced colitis models
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respectively, CRH knockdown significantly ablated inflammation, with a reduction in local IL-1β
levels [120,130]. As such, CRH knockdown mice treated with CRH receptor antagonists, developed
less severe inflammation, which was attributed to the lack of toxin A to increase substance P (SP)
levels [131]. Similarly, treated CD toxin A-induced ileitis mice models also showed less inflammation,
due to CRHR1-dependent decrease in TNF-α and IL-1β expression [101]. However, controversial
reports on the pro-inflammatory role of CRHR1 also exist in the literature. CRHR1 agonists such
as Ucn1 were shown to exert anti-inflammatory properties in endotoxemic, or TNBS-induced colitis
murine models. This result was credited to a shift of Th1-driven responses towards a Th2 response,
with a systemic and local upregulation of the anti-inflammatory cytokine IL-10, as well as to the
promotion of Treg activity [132,133].

4.1.2. Innate Immunity

The effects of peripheral CRH receptor signaling on the local immune system as protector of
the intestinal epithelial barrier, also involve several cell types of the innate immunity, including
mast cells, macrophages and cells of the intestinal epithelium, and hold an impact on their secreted
cytokine patterns.

Dendritic Cells

Peripheral CRH targets intestinal lamina propria dendritic cells whichexpress both CRH
receptors [17,113,134]. Intestinal dendritic cells, as components of the adaptive immunity, internalize
luminal antigens, through endocytosis, and present them to naïve T cells located in mesenteric
lymph nodes [17]. Previous studies have reported implication of the intestinal dendritic cells in
the pathogenesis of IBD, based on their CRH-producing and secreting abilities upon bacterial
stimulation [135,136]. CRH enhances inflammation in LPS-treated immortal JAWS II cells, a known
DC cell line derived from BMDCs of a C57BL/6 p53-knockout mouse, and murine mesenteric lymph
node-derived dendritic cells, via distinct CRHR1-dependent mechanisms, that include stimulation of
T-cell proliferation, elevation of IL-6 and MIP-1α secretion and reduction in the anti-inflammatory
IL-4 levels [17,113,134]. In addition, treatment of human monocyte-derived dendritic cells with CRH
attenuated IL-18 production which has an anti-inflammatory action [137]. The increase of dendritic
cell-mediated T-cell stimulation after treatment with CRH has been corroborated by many in vitro and
in vivo studies; however, a CRH-mediated shift towards a Th2 cytokine response has been further
demonstrated [17,138]. Interestingly, mesenteric lymph node-derived dendritic cells obtained from an
acetic acid and restraint stress-IBS rat model showed an increased T cell proliferation and enhanced
secretion of anti-inflammatory IL-4 and IL-9 cytokines, after co-culture with splenic CD4+/CD8+ T
cells [17,138]. Concomitantly, intestinal lamina propria dendritic cells were able to stimulate CD4+

T cells in post-infectious IBS mice [139], while a colorectal distension restraint stress IBS rat model
showed an increase in CD103+ cell number and in IL-4 and IL-9 cytokine production in the colon [17].

Macrophages

Beyond mast cells, peripheral CRH signaling also targets other components of the innate
immune response in the intestine, such as macrophages, thusaffecting further the tissue immune
homeostasis [140]. Intestinal macrophages can clear tissue-invaded pathogens by phagocytosis, while
they are also able to present antigens and secrete cytokines [112]. Intestinal macrophages may express
both CRHR1 and CRHR2 and secrete CRH [106,121,141]. IBD-patient derived colonic mucosa biopsies
have been shown to be enriched in CRH-immuno-reactive enterochromaffin and macrophage cells,
while CRH- and Ucn1-expressing mononuclear and macrophage cells were also found in the lamina
propria of UC colonic biopsies [39,92,106].

Mucosal macrophages have been shown to modulate colonic peristaltic activity, after stimulation
by intestinal epithelial cell-secreted mediators, in a CRH-dependent manner [142,143]. Although
there is some controversy in the literature about the role of CRH, as it relates to intestinal
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macrophages and inflammation management, most of the in vitro findingss on CRH receptor signaling
on intestinal macrophages are supportive of pro-inflammatory and anti-inflammatory actions of
CRHR1/CRH and CRHR2 signaling cascades, respectively. As such, only CRH-mediated stimulation
of CRHR1 has been shown to increase antigen-specific antibody response via NF-κB activation in
macrophages [141]. CRH can trigger macrophages to overproduce pro-inflammatory cytokines,
such as TNF-α and IL-6, most likely via a CRHR1-dependent manner, as evidenced in BALB/c mice
after treatment with LPS and a CRHR1 antagonist [114]. Furthermore, CRH and/or Ucns may also
enhance chemotaxis of mononuclear cells and macrophage activation by endotoxin with subsequent
release of oxidative mediators and other pro-inflammatory cytokines [100–102,140,144–147]. Although,
in vitro treatment of murine macrophages with the CRHR1 agonists CRH and Ucn1, or with Ucn2,
led to inhibition of LPS-induced TNF-α release during the onset of the inflammatory response, in a
non-selective receptor manner; however, at later stages a significant increase in TNF-α transcription
and release was observed [17,100,146]. These findings suggest that CRH receptor signaling on local
macrophages may differentiate during the course of the inflammatory response in the intestine, and that
CRH-peptide-mediated modulation of inflammatory processes may be dose-dependent. In contrast,
binding of only low doses of Ucn1 and Ucn2 in CRHR2 may exert anti-inflammatory functions partly
via triggering macrophages to undergo apoptosis [148].

However, the anti-inflammatory action of CRH, as it relates to innate immunity, has also
been proposed in the literature. In support to this notion, we previously reported that CRH may
protect against colitis through regulation of the toll-like receptor 4 (TLR4) expression [149]. CRH,
Ucn1 and Ucn2 have been implicated in inducing the transcription of TLR4 in macrophages in a
CRHR2-dependent manner [140]. TLR4 is playing a fundamental role in activating the innate immune
system. We showed that mice deficient in CRH were more susceptible to DSS-induced colitis, possibly
due to overproduction of IL-12 and prostaglandin E2, while having significantly decreased TLR4
levels before, but not after the colitis induction. This result corroborates the anti-inflammatory effect
of peripheral CRH in innate immunity-dependent colitis and its recovery phase [149]. Consistently,
decreased number of CD68+ macrophages and levels of macrophage-attracting chemokines have been
found in intestinal biopsies of IBS [112], while colonic biopsies from UC showed increased CRHR1
immunoreactivity in lamina propria macrophages [122].

Intestinal Epithelium

The intestinal epithelium is enriched by cells capable of secreting antimicrobial peptides (AMPs)
and mucus, therefore contributing to host defense against luminal antigen and pathogens [150,151].
These cells are tightly sealed by firm junctions, allowing only tiny micro molecules to penetrate the
epithelium, thus preserving the intestinal barrier function [100]. Their input in innate immunity and
the amplification of immune response in the intestine is further mediated by the presence of TLRs on
their surface and their ability to release cytokines and chemokines [17,142]. Therefore, the intestinal
epithelium is a critical player in the inflammatory responses in the gut and the related disorders.

The mucus producing cells, namely Goblet cells, are present in the ileum and colon and form
a coating layer over the intestinal epithelium [150]. Goblet cells from human and rat sigmoid colon
are enriched in CRH and CRHR1 expression [104,122,152,153], while CRHR2 has been detected in
epithelial cells of distal/sigmoid colon biopsy samples [154]. A direct action of central and peripheral
CRH system in depletion of Goblet cells and mucus release, through CRHR1 signaling, has been
proposed. Studies showed that stress, or CRH administration, decreased significantly the number of
Goblet cells, as well as their mucus secretory potential [153,155–157]. At the cell–cell tight junctions
in intestinal epithelium, stress-mediated CRH release reduces expression of zona-occludens-1 and
increases claudin2 levels, thus augmenting intestinal permeability [158,159]. Indeed, studies in rat
mucosal colonic tissues and human colon epithelial cell lines, showed that exposure to CRH decreases
transepithelial resistance, increases the epithelium permeability to macromolecules, as well as induces
TLR4 expression, a finding consistent with the high TLR4 expression found in peripheral blood of
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IBS patients [160–162]. In a Wistar-Kyoto rat model, peripheral CRH induced distal colon-derived ion
secretion, triggered by a non-selective CRH receptor signaling [163]. Furthermore, we recently reported
in vitro and in vivo findings showing that CRHR2 expression in colonic epithelium play a vital role in
resolving inflammation and promoting healing in UC mice, by increasing epithelial cell proliferation
and migration, as well as by reducing apoptosis and secretion of pro-inflammatory cytokines [164].

AMP-producing cells are mainly located inside the crypts of the small intestine and may be
mast cells, epithelial cells, or Paneth cells [165]. Although, the direct involvement of peripheral CRH
signaling in altering the AMP secretion by these cellshas not been yet studied, reports from human
and rodents demonstrate that stress may cause dysfunction of this innate defense mechanism and this
defect could participate in the pathogenesis of IBD and IBS [16,59].

Mast Cells

Experimental evidence has further shown that CRH, like stress, may exert pro-inflammatory
peripheral effects possibly through recruitment and activation of mast cells. Mast cells express
CRH receptors and are critical for immune responses and inflammatory conditions, by releasing
cytokines and other pro-inflammatory mediators known to affect the integrity of intestinal epithelial
barrier [166,167]. IBS patients, under psychological stress have increased numbers of colonic and
jejunum-located mast cells [168]. Mice treated with cortagine, a selective CRHR1 agonist, showed
increased colonic TGF-β expression known to be a potent modulator of human intestinal effector
mast cell functions [169]. CRH also increased human colonic mucosa macromolecular permeability,
a potentially pro-inflammatory event, via CRH receptors R1 and R2 expressed on subepithelial mast
cells [63,163,170,171]. Similarly, in a porcine ex vivo intestinal model, CRH induced the release of
TNF-α and proteases, through a mast cell-dependent mechanism, thus resulting in augmentation of the
intestinal paracellular permeability and mast cell degranulation, which are all hallmarks for IBD and
IBS [172,173]. Similarly to CRH effects, acute stressors in mice lead to increased IFN-γ-mediated colonic
mast cell degranulation, while chronic stress increases CRH-expressing eosinophil infiltration in the
jejunum, which further contributes to epithelial barrier dysfunction, through mast cell recruitment [174].
Peripheral CRH mimics the effect of stress in increasing the small intestine permeability, through
the participation of mast cells [175]. CRH signaling in the ileal and colonic mucosa may recruit
and activate in addition to mast cells other immune cell populations, including neutrophils, T and
NK cells [16]. The latest immune cell populations may confer to bacterial penetration into the
enterocytes [157,176,177].

CRH-induced mast cell-derived VEGF, previously reported to be associated with skin inflammatory
conditions, has not been yet investigated in intestinal inflammatory disorders [167]. However, there is
experimental evidence that intestinal angiogenesis may be targeted via CRHR1 and CRHR2 signaling
during inflammation. In a DSS-induced colitis mouse model, only CRHR1 knockdown decreased
microvascular density, via inhibition of VEGF levels, thus suggesting that CRHR1 acts pro-angiogenic,
while CRHR2 has anti-angiogenic properties during intestinal inflammation [108,178].

4.2. Fibroblasts and Endothelial Cells

Fibroblasts and endothelial cells isolated from inflamed tissues have the ability to produce
CRH [179], which might be responsible for their activation, through a CRHR2-dependant signaling [180].
The CRH/CRHR2 signaling may also influence iNOS-mediated endothelial activation during the early
phase of the inflammatory response [181]. Although cell responsiveness depends on their activation
rate and differentiation state, there is clear evidence for a pro-inflammatory action of CRHR2 on
these cells. High expression of CRHR2 and Ucn2 has also been described in human colonic mucosal
cells from IBD patients [57,102], while CRHR2 stimulation by Ucn2 in human colonocytes resulted
in NF-κB pathway activation and increased secretion of IL-8 and MCP-1 [102,109]. Supportive to
the pro-inflammatory action of CRHR2 signaling are in vivo findings demonstrating that CRHR2
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knockdown lessen inflammation in CD toxin A-induced ileal model, via inhibition of neutrophil
infiltration and reduction in chemokine levels [109].

4.3. Enteric Neurons

Given that increased colonic motility is a hallmark in IBS and IBD and stress potentiates significant
changes in the motility rates of both colon and ileum, it is more than likely that stress-induced CRH
signaling may have a clear effect in the function of the enteric neurons [16]. In fact, inflammatory,
mesenchymal and neuronal cells derived by a peptidoglycan-induced colitis rat model, had elevated
CRH expression [109,130]. Studies in rats and mice have shown that CRH and Ucn1 can increase
colonic motility, via a CRHR1-dependant manner, while CRHR2 activation results in attenuation of
ileal phasic contractions [154,182]. In contrast to CRHR2, CRHR1 stimulation results in cholinergic,
nitrergic and serotonergic signal transmission that increases colonic propulsive motor function [16].

4.4. Gut Microbiota

Gut microbiota are critical for gut immune homeostasis and the intestinal immune response.
There is clear evidence from human and animal studies that stress can cause significant alterations in
the composition of gut microbiota, the so-called microbial dysbiosis [183], leading to bowel dysmotility
and increased permeability, factors known to facilitate inflammation [184–188]. Dysbiosis of intestinal
microbiota is often present in IBD and IBS patients and is considered a contributing factor to disease
development and progression [189–191].

Therefore, treatment modalities with probiotics or specific antibiotics have been proved efficient
in IBS patients by improving the bowel function [184,185,192]. Likewise, gut microbe can be also
targeted by exogenous CRH, which provokes alterations in microbe composition and increased
colorectal motility [193]. Given that gut microbiota may affect GI motility and intestinal permeability by
interacting with muscularis macrophages and enteric neurons, one can speculate that CRH-mediated
alterations in gut microbiota may also contribute in shaping inflammatory environments [143].

Microbiota, as a part of the microbiota–gut–brain axis, develops and functions closely to HPA
axis, thus supporting the bidirectional communication of the axis members [38,194]. It is more than
likely that microbiota-derived signaling molecules together with biologically active gut peptides
and locally secreted neuropeptides are critically important in facilitating the crosstalk between gut
and brain [38,185,194]. Therefore, changes in microbiota environment and composition may lead to
HPA activation and dysregulated activities of neurotransmitter systems and local immune functions,
thus initiating and/or sustaining intestinal inflammatory conditions. Although, it is still unclear whether
certain neuropeptides and their cognate receptors are expressed by gut microbiota, the involvement of
CRH family members as intermediate messenger molecules in the microbiota–gut–brain axis cannot be
excluded [195].

Collectively, there is extensive evidence in the literature showing that the activation of peripheral
CRH signaling in cells participating in the control of the intestinal defense mechanisms and secretory
and motor functions, mediates the stress-induced changes in gut physiology. Autocrine, or paracrine
stimulation of peripheral CRH receptors by locally secreted CRH related peptides in the gut is
considered mainly pro-inflammatory, as it results in local immune cell activation. This activity makes
the peripheral CRH system in the gut, in addition to central CRH signaling, a promising therapeutic
target in the management of stress-induced chronic intestinal inflammatory disorders.

5. Inflammation and CRC Crosstalk via the CRH System

5.1. Peripheral CRH System and CRC

From what it has already been mentioned, it is clear that the distribution pattern and the intra-
or extra-cellular concentration of certain members of the CRH family of peptides and receptors on
colonic mucosa, as well as the signaling pathways they mobilize, play a key role in regulating the
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intestinal inflammatory response [17,112]. However, the contribution of the peripheral CRH system on
CRC development and pathophysiology, especially in response to chronic inflammation of the colonic
mucosa, has not been elucidated so far.

On 2007, Reubi and colleagues first reported lost expression of CRHR2 in a small number of
colonic tissues derived from CRC patients compared to normal counterparts [110]. A follow up
study failed to validate the above findings and instead showed elevated expression of CRHR2 and
Ucn3 in 30 CRC tissue samples, an increase that was revealed to be significantly associated with
decreased cell adhesion and enhanced cell motility [196]. Given this controversy, we recently performed
further investigation on the distribution of CRH family members in a larger cohort of CRC patient
samples and explored the functional impact of any expression discrepancies on CRC pathophysiology
in vitro and in vivo, in context of intestinal inflammation. In parallel, we investigated any possible
implications of CRH-driven signaling in the regulation of tumor responsiveness to endogenous
anti-tumor immuno-mediated cytotoxic responses.

Our novel findings, which are discussed below, are the first to provide clear evidence for the role
of the CRH system, as a direct linker between chronic inflammation in the colonic mucosa and CRC
growth, spread and immunoescape.

5.1.1. Negative Contribution of the Peripheral CRHR2/Ucn2 Signaling in CRC Progression and
Metastatic Potential

Expression studies in a large number of normal and CRC human tissues and cell lines revealed that
among the CRH family members, CRC samples had significantly reduced or lost CRHR2 expression and
elevated levels of its specific agonist, Ucn2 [197]. These findings corroborate the CRHR2 downregulation
and Ucn2 elevation observed in vivo in TNBS-induced colitis animal models and ex vivo in UC human
biopsies, in the late stages of inflammation [9,94,101]. It cannot be excluded that the observed CRHR2
elimination might be a response compensating for UCN2 upregulation, through an unknown regulatory
mechanism [9]. In our experimental model, ectopic induction of CRHR2 in CRC cell lines resulted in
dramatic inhibition of the endogenous Ucn2 levels, while the receptor activation by exogenous Ucn2
reduced critically the tumor survival and expansion in vitro and in vivo in xenograft mouse models.
The underlying molecular mechanisms involved disruption of the inflammatory signals and Stat3
activation in the CRC cell lines, as well as suppression of the oncogenic epithelial to mesenchymal
transition (EMT), known to be necessary for the initiation of the metastatic process [197] (Figure 2).
An overview of the proposed mechanism of CRHR2/Ucn2 involvement in inflammation-related CRC
is depicted in Figure 2. The prognostic significance of the CRHR2 levels in CRC was evident by
statistically significant positive associations established between CRHR2 expression and overall patient
survival, attributed in part to a lower risk for distant metastasis.

CRC initiation and progression are closely affected by the extent and duration of the mucosal
inflammation, which is supported by inflammatory immune cell infiltration and by the tumor cells
themselves. These cells have the potential to release a variety of tumor-promoting cytokines, such as
IL-6 and mitogens [198]. We showed that decreased expression or loss of CRHR2 in CRC cell lines
coincides with increased expression of IL-6 and its receptor IL-6R, while CRHR2 and IL-6R expression
levels in CRC tissues were inversely correlated. Given that Ucn2 has been implicated in supporting
topical inflammation, through induction of IL-6 [199], we hypothesized that under minimal CRHR2
expression the high Ucn2 levels detected in CRC tissues and cell lines, might contribute in maintaining
and/or promoting IL-6 expression, thus serving as an inflammatory stimulus supportive for IBD-related
carcinogenesis. Accordingly, endogenous Ucn2 levels were significantly reduced after ectopic induction
of CRHR2 in CRC cells, whereas Ucn2 silencing in wild type CRC cell lines resulted in increased
CRHR2 levels and reduced IL-6 secretion [197]. These findings support our hypothesis and suggest
that CRHR2high CRC tumors with low Ucn2 expression levels may be more resistant to inflammatory
signals such as IL-6 provided and acting via autocrine, or paracrine pathways.
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Figure 2. A proposed mechanism for the anti-tumoridical activity of peripheral CRHR2/Ucn2 signaling
in inflammation-related colorectal cancer (CRC). CRHR2 expression has been found significantly
diminished in CRC cells. Colonic inflammation, which is often induced by chronic stressors,
is characterized by accumulation of several pro-inflammatory cytokines, including IL-6, in the
local microenvironment, produced either by infiltrated immune cells, or cancer cells, when present.
Experimental evidence demonstrates that when CRHR2 is expressed on cancer cell surface and activated
by Ucn2, it can sufficiently inhibit the endogenous expression of IL-6 and its receptor, resulting in
reduction of IL-6 mediated Stat3-phosphorylation and activation. Stat3 inhibition in CRC cells, affects
negatively the expression of STAT-3 target genes involved in cell cycle promotion and EMT, thus
repressing CRC growth and metastasis. In addition, CRHR2/Ucn2 signaling was shown to reverse
tumor resistance to Fas-mediated apoptosis in CRC cells by inducing miR-7, a suppressor of YY1,
which normally acts as a transcriptional repressor of Fas in cancer cells. The proposed mechanism is an
example of how the peripheral CRH system can effectively mediate and control the crosstalk among
molecular networks involved in stress-induced inflammation and CRC pathophysiology. Dotted lines
represent the CRHR2/Ucn2-mediated effects on signal transduction pathways in CRC cells. eIL-6,
endogenous tumor produced IL-6; EMT, epithelial to mesencymal transition; CRHR2, corticotrophin
releasing hormone receptor 2.

This last notion was further supported by findings demonstrating significant elimination of Stat3
activation in CRHR2-overexpressing CRC cells after external administration of IL-6. The aberrant and
persistent Stat3 activation, by cytokines like IL-6 and IL-10, is known to function as a molecular link
between intestinal inflammation and colorectal tumorigenesis [200]. Stat3 mediates transcriptional
responses favoring CRC survival, proliferation, angiogenesis, and therefore an overall poor patient
survival [201,202]. We first identified Stat3 as a novel downstream target of CRHR2/Ucn2 signaling
in CRC, by demonstrating significant suppression of IL-6-mediated Stat3 (Tyr703) phosphorylation
after CRHR2 induction and activation by Ucn2, followed by decreased cell proliferation in vitro and
diminished tumor growth in vivo. CRHR2/Ucn2 signaling was further shown to target negatively key
IL-6-dependent oncogenic EMT-inducers and angiogenic factors, such as VEGF, in vitro and in vivo,
possibly through IL-6/Stat-3 signaling inhibition. Therefore the above findings suggest a decisive role
of CRHR2/Ucn2 signaling in the regulation of the metastatic potential and expansion of the CRC cells.
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Contrarily, an oncogenic role has been described for the CRHR1/CRH signaling in a colitis
associated-cancer mouse model. Opposed to CRHR2/Ucn2 signaling, CRHR1 activation by CRH
promoted selectively colon cancer cell proliferation through an IL-6/JAK2/STAT3-depended mechanism
and induced angiogenesis via VEGF up regulation [203,204]. At the same line, other studies have
highlighted the type of ligand that activate CRHR2 as a critical determinant of the impact that CRHR2
signaling may have on the stress-induced epithelial alterations that eventually can mediate mucosal
barrier dysfunction, worsening of mucosal inflammation and malignant cell transformation [205,206].

Overall, our findings discussed above provide clear evidence that the distribution of CRHR2 in
the inflamed colonic mucosa and the local availability of its selective agonist Ucn2, via an autocrine,
or paracrine axis, determine in a large part the CRC response to inflammatory signals that support its
survival, growth, and metastatic behavior. Therefore, CRHR2 and its agonist Ucn2 may be claimed as
putative prognostic factors and therapeutic targets in CRC.

5.1.2. Contribution of CRHR2/Ucn2 Signaling in CRC Immune Surveillance

It is known that CRC often develops not only resistance to conventional chemotherapy but also
to immuno-mediated cytotoxic signals, leading to tumor immuno-escape. The role of CRH family
members in cancer immunobiology is poorly elucidated. Our ex vivo studies have showed that
CRC compared to control tissues have reduced Fas expression, which is positively correlated with
lost CRHR2 transcript levels, poor tumor differentiation and high risk for distant metastasis [207].
To examine the contribution of the CRHR2 downregulation in CRC immuno-resistance, we compared
the apoptotic responses of CRHR2-overexpressing CRC cell lines and those of wild type cells after
stimulation with Ucn2 and CH11 antibody, a FasL analogCH11. Induction of CRHR2/Ucn2 signaling
revealed a significantly elevated sensitivity of CRC cells to CH11-mediated apoptosis, via elevation of
the surface Fas expression. Further analysis of the underlying molecular mechanism demonstrated
CRHR2/Ucn2-dependent inhibition of the Fas transcriptional repressor YY1, via induction of miR-7,
an endogenous suppressor of YY1 [208] (Figure 2). Exogenous modulation of miR-7 levels and CRHR2
activation in various CRC cell lines had opposing effects on YY1 and Fas expressions and cell sensitivity
to CH11-mediated apoptosis, thus suggesting specificity of CRHR2/Ucn2 inhibitory action on YY1,
via miR-7 [207]. The inverse correlation between YY1 and Fas expression levels was further validated
in human CRC tissue arrays. In addition, YY1 mRNA overexpression in patient samples was positively
correlated with both advanced CRC grade and high risk for distant metastasis [207].

6. Conclusions—-What Is Next?

Although for many years body stress, chronic inflammation, and carcinogenicity in the intestine
have been studied as individual events, recent findings suggest that they are the vertices of a triangle
with an inextricable connection among them. There are now strong indications that the pattern of
expression of key stress regulators, such as members of the CRH family, in peripheral organs like the
colon, plays a critical role not only in signal transmission via the HPA axis, but also in the type of
the response that the peripheral organ exerts under inflammatory stimuli, as well as in the organ’s
predisposition for cancerous excretion and rapid disease progression. Therefore, the CRH system
functions as an orchestrator of a peripheral response to body stress that can be ’somatized’ as a chronic
inflammation, and/or act as an ideal background for carcinogenesis. For example, the complete lack or
low expression of the CRHR2 receptor in the large intestine works positively in establishing, maintaining
and enhancing an inflammatory microenvironment in the organ, while promoting carcinogenesis and
a subsequent aggressive nature of the disease. Characteristically, based on our reported findings,
CRC patients with poor CRHR2 expression levels, had the worst prognosis for distant metastases and
5-year overall survival [197].

A reasonable question which is raised here is whether and how we can use the current knowledge in
the era of identifying critical regulators of the interaction among emotional stress, chronic inflammation
and carcinogenesis. Undoubtedly, we have only touched the foot of the mountain and still need a lot
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of uphill road to clarify all the involved mechanisms and the underlying signaling paths that feed this
interaction. However, identifying the signaling pathway CRHR2/Ucn2 as a critical negative regulator
of colonic inflammation and malignancy, allows us to begin thinking about the inclusion of low CRHR2
expression levels in the colon in the list of novel putative prognostic indicators for sustaining chronic
inflammation and promoting cancer development and aggressiveness in the organ. At the same time,
selective induction of CRHR2/Ucn2 signaling activityin the large intestine of patients with chronic
inflammation, or in those predisposed to develop, by using targeted drugs, may hold a therapeutic
impact in the resolution of the inflammation and eliminate the chances the benign disease to progress
to malignancy.
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