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A B S T R A C T

Chemotherapy is the main treatment for many cancers, including colorectal cancer, a type of cancer with some of
the highest prevalence and mortality rates worldwide. Although chemotherapeutic drugs have greatly improved
the survival rates of cancer patients, there are many side-effects associated with their use. The gastrointestinal
side-effects of chemotherapy often lead to dose reduction or even discontinuation of treatment, which in turn
affects the clinical outcome. Gastrointestinal side-effects, such as chemotherapy-induced diarrhea and constipa-
tion, may persist many years after treatment, greatly reducing quality of life. Current treatments for these side-
effects have many adverse effects themselves; therefore, new approaches are needed to address this problem.
Changes in the enteric nervous system located within the gastrointestinal tract and controlling its functions have
been implicated in many disorders. Recent studies providing insight into the association between chemotherapy-
induced damage to enteric neurons and gastrointestinal dysfunction have highlighted the enteric nervous system
as a potential therapeutic target to alleviate chemotherapy-induced toxicity which may improve both clinical
outcomes and the quality of patients’ lives.

1. Introduction

The gastrointestinal (GI) tract is a vital organ imperative for
digestion and absorption of nutrients and excretion of waste.
Function of the GI tract is not only essential for adequate nutrition
but also protection from ingested pathogens, allergens and toxins [1].
The GI tract refers to a collection of organs spanning from the mouth to
the anus, which may be further sub-divided into the esophagus,
stomach, small and large intestines [2]. The GI tract is a sophisticated
system, comprised of several functional layers including the serosa,
longitudinal muscle, myenteric plexus, circular muscle, submucosa,
submucosal plexus and mucosal epithelium. These functional layers
interact to enable simultaneous contraction and relaxation of the gut,
facilitating adequate absorption and sensation. For these forceful and
coordinated contractions to be able to occur, the smooth muscles
receive input from the enteric nervous system (ENS), a component of
the autonomic nervous system in the peripheral nervous system.

The ENS consists of an immense and complex network of neurons
and other cells such as interstitial cells of Cajal (ICC) and enteric glial
cells (EGCs) distributed along the GI tract function to regulate intestinal
motility by either exciting or inhibiting GI smooth muscle [3,4]. The

ENS is also responsible for other coordinated functions of the GI tract
such as absorption and secretion controlled by other specialized such as
secretomotor neurons and again EGC’s [5]. The GI tract has sensory
pathways which are critical for detecting luminal contents, to generate
a response or relay sensations of fullness, pain, and discomfort. These
sensory pathways include intrinsic primary afferent neurons found in
the ENS, which generate an intrinsic reflex response in order to regulate
motility and secretion of the GI tract as well as nerve terminals of
extrinsic primary afferent neurons that are responsible in conveying
signals to the central nervous system. The latest consist of vagal
afferents with neuronal cell bodies in the nodose ganglion and spinal
afferents with neuronal cell bodies in the dorsal root ganglia which
convey sensory signals from the GI tract to the primary somatosensory
cortex in the brain [6,7].

Most cancer patients receive chemotherapy either before or after
surgery or in combination with radiotherapy. Although chemotherapy
has greatly improved overall survival of patients with many types of
cancer, GI side-effects of chemotherapy are a significant hurdle
significantly affecting the clinical outcome and quality of patients’ life
[8,9]. GI side-effects such as nausea, vomiting, bloating, ulceration,
constipation and, in particular, diarrhea are major obstacles causing
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delays, dose reduction and discontinuation of treatment for many
cancer patients [10–12]. Although specific chemotherapeutic agents
have been correlated with increased incidence of GI side-effects
(Table 1), incidence of these side-effects as high as 40% in patients
receiving standard dose chemotherapy and 100% in patients receiving
high dose chemotherapy has been reported [13]. Furthermore, the
incidence of chronic post-treatment chemotherapy-induced diarrhea
(CID) and chemotherapy-induced constipation (CIC) amongst cancer
survivors has been estimated to be as high as 49% with episodes
persisting up to 10 years after the cessation of treatment [11,14,15].

Chemotherapy-induced GI dysfunction is particularly prevalent
amongst all cancer sufferers, including colorectal cancer (CRC) patients
being particularly susceptible to chemotherapy-induced diarrhea (CID)
and chemotherapy-induced constipation (CIC) [16]. The most common
chemotherapeutic drugs used to treat CRC patients are oxaliplatin
(OXL), 5-fluorouracil (5-FU) and irinotecan (IRI), given alone or in
combinations. In most cases IRI and 5-FU cause diarrhea whilst OXL
induces diarrhea and constipation [8,13,17]. Both CID and CIC can be
categorized into grades from 1 to 5, grading from non-life threatening
to death [18]. The underlying mechanisms of CIC and CID remain
unclear. Although intestinal mucositis (inflammation and ulceration of
the intestinal epithelium) is a significant contributing factor, the
pathophysiology of CID and CIC is likely to be complex, involving
several mechanisms including changes in GI secretion, absorption and
innervation. Current treatments available for both CID and CIC are
dietary changes and pharmacological interventions including drugs that
target the GI tract to reduce symptoms [10,13]. Many of these drugs
cause severe side-effects themselves.

2. Colorectal cancer

CRC is one of the most prevalent and fatal cancers worldwide. It is
the highest contributor to cancer-related death with incidence rate of
approximately 1.4 million and mortality rate about 700,000 people per
year globally [19,20]. Several risk factors related to environmental
influences and lifestyle choices are associated with increased incidence
of CRC including excessive red meat consumption, low fruit consump-
tion, high saturated fat intake, alcohol consumption, poor hygiene and
sedentary life style [21,22]. However, age is considered the primary
risk factor for CRC, with incidence rates of CRC increasing steadily from

50 years of age onwards [23]. Although about 75% of colorectal tumors
referred as non-familial or sporadic which do not result from inherited
genetic mutations, a small proportion of colorectal tumors have been
linked to mutations in oncogene adenomatous polyposis coli (APC) and
aberrant DNA mismatch repair genes MLH1, MSH2, PMS2 and MSH6
[22,24].

The location and characteristics of the tumor affect clinical mani-
festations of CRC. In 35% of patients the primary tumours have been
found proximally to the sigmoid colon making them virtually indis-
cernible via sigmoidoscopy [25,26]. Furthermore, clinical symptoms of
CRC are non-specific and not well defined, with rectal bleeding and
weight loss the only definitive symptoms [27]. Due to asymptomatic
presentation of the disease, most of CRC sufferers (> 60%) are
diagnosed at stage III or beyond; the prognostic outlook for these
patients depends on the outcomes of chemotherapeutic treatment [28].

3. Chemotherapy

Chemotherapeutics have been used as a treatment for cancer for
nearly 70 years, with the first use recorded as early as the 1940s to treat
advanced lymphoma [29]. Chemotherapeutics are categorized based on
their chemical structure, mechanism of action and relativeness to other
drug properties (Table 1).

The effectiveness of chemotherapy is dependent upon multiple
factors: the mitochondrial function of the cancer cells, tumour size,
patient age, route of administration, number of chemotherapy cycles a
patient goes through and the circadian cycle [29,52,53]. Anti-cancer
chemotherapeutics with or without surgery are the first line of
treatment for many CRC patients. Although proven to be individually
effective, multi-agent regimes including leucovorin (LV), 5-FU, OXL
and IRI (FOLFOX and FOLFIRI) are now the standard line of chemother-
apeutic treatment for CRC and are the most promising approaches to
curative and non-curative management of the disease [22,54–57].
Despite effectively improving 5 and 10 year survival rates, these
chemotherapeutics are associated with undesirable side-effects signifi-
cantly impacting patient quality of life [58–60].

3.1. 5-Fluorouracil

Since its discovery in the early 1960s, antimetabolite 5-FU has
represented the backbone of systemic chemotherapy in the treatment of
CRC [8]. The mechanism of action of 5-FU is its conversion to
fluorouridine monophosphate (FUMP) by orotate phosphoribosyltrans-
ferase (OPRT) or fluorouridine (FUR). Once converted, FUMP will be
phosphorylated to fluorouridine diphosphate (FUDP) and then again
further phosphorylated into fluorouridine triphosphate (FUTP) as
another metabolite product [37]. Once FUMP is formed, it binds at
the active sites of thymidylate synthase (TS) to form a stable complex
and inhibit deoxythymidine monophosphate (dTMP) production. This
inhibition of dTMP causes a reduction of deoxythymidine triphosphate
(dTTP), which then in turn disturbs and imbalances the levels of other
deoxynucleotides that cause disruption upon the synthesis and repair of
DNA, ultimately resulting in lethal damage to DNA. The other
metabolite of 5-FU, FUTP has the same mechanism of action [34]. 5-
FU wields its anti-proliferative effects via the inhibition of TS, resulting
in cytotoxicity [61]. Approximately 40% of patients receiving 5-FU
develop mucositis, a painful inflammation of the mucosal membrane,
affecting the entire lining of the GI tract [37,62,63] (Table 2).
Furthermore, CRC patients receiving 5-FU have a 50–80% chance of
developing CID of any grade, although 30% suffer from grades 3 or 4
[8] (Table 2).

3.2. Oxaliplatin

OXL is a third-generation platinum-based drug comprised of a
diaminocyclohexane carrier ligand, platinum ion, and a bidentate

Table 1
Major classes of chemotherapeutic agents.

Category name Chemotherapeutic agents References

Alkylating agents Cyclophosphamide [30–34]
Ifosfamide
Melphalan
Busulfan

Antimetabolites 5-FU [35–38]
Capecitabine
Methotrexate
Gemcitabine

Anti-tumour antibiotics Daunorubicin [39–41]
Doxorubicin
Epirubicin

Topoisomerase inhibitors Topotecan [42–44]
Irinotecan
Etoposide
Teniposide

Mitotic inhibitors Paclitaxel [33,45–47]
Docetaxel
Vinblastine
Vincristine

Platinum-based agents Cisplatin [48–51]
Carboplatin
Oxaliplatin
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oxalate group. OXL exerts its cytotoxic effects by forming interstrand
and intrastrand nuclear and mitochondrial DNA platinum adducts,
particularly at the N7 position of guanine nucleotides [64–66]. Despite
being more effective in the treatment of CRC than predecessor drugs
cisplatin and carboplatin, OXL induces several side-effects associated
with the damage to peripheral sensory and enteric nervous systems.
These side-effects include sensory ataxia, functional impairment, jaw
pain, eye pain, ptosis and leg cramps, nausea, vomiting, constipation
and diarrhea [16,59,60,67,68] (Table 2).

3.3. Irinotecan

IRI is a DNA topoisomerase I inhibitor that elicits its cytotoxic
effects via its active metabolite SN-38 prompting permanent DNA
damage to tumour cells [42]. Once IRI is administered, it is firstly
converted in the liver into its active metabolite 7-ethyl-10-hydroxy-
camptothecin known as SN38 by two enzymes, hepatic and peripheral
carboxyl esterases. Subsequently, SN-38 is glucuronidated by the
enzyme hepatic uridine diphosphate glucuronosyltransferase-1A1 (UG-
T-1A1) to SN-38-glucuronide (SN-38G). Once SN-38G has reached the
intestinal lumen it is deconjugated by bacterial ß-glucuronidase, back
to its active metabolite SN38 inducing severe colonic damage including
an increase in apoptosis, crypt hypoplasia, excessive mucous secretion
and villus atrophy [69,70]. SN-38 and SN-38G can be excreted in urine,
but fecal excretion is the major route of elimination as about 64% of
total SN-38 and SN-38G metabolites are excreted via that route [13].
Despite its efficacy, IRI induces severe GI side-effects, including
mucositis, abdominal cramping, lacrimation and salivation, acute
diarrhea occurring within the first 24 h or delayed-onset diarrhea
occurring typically 24–48 h following IRI administration [8,13,62]
(Table 2).

4. Chemotherapy-induced diarrhea

CID is a common and debilitating side-effect associated with CRC
chemotherapeutics [71,72]. Although the underlying pathophysiology
of CID remains unclear, it is heavily associated with the development of
mucositis; severe inflammation and ulceration of the mucosal epithe-
lium [70,73]. Studies in animal models of CID have shown increased
apoptosis in crypts within the jejunum and colon regions of the GI tract,
and excessive secretions leading to diarrhea [74]. Moreover hypoplasia
of crypt cells, reducing the number of mature secretory cells leads to
increased secretion and decreased absorption capacity of the villi,
further contributing to the development of diarrhea [75]. CID can be
identified as uncomplicated (grades 1 and 2) with increase of stools up
to 4–6 per day or complicated (grades 3 and 4) with increase of stools
more than 7 per day and incontinence leading to life threatening
consequences [71]. Severity of CID has been associated with several
specific chemotherapeutic regimes, in particular those containing 5-FU
and IRI are correlated with incidence of CID as high as 80% with one
third of patients experiencing severe (grade 3 or 4) diarrhea (Table 2)
[10,18].

Pharmacological interventions for CID include loperamide, octreo-
tide and deodorized tincture of opium (DTO). Although effective,
loperamide can lead to other side-effects including severe constipation,

abdominal pain, dizziness, paralytic ileus and potentially worsening
already present symptoms [71,76]. Octreotide is commonly used as a
second line treatment due severe side-effects; uneven heart-beat, severe
constipation, stomach pain and enlarged thyroid. DTO administration is
associated with a plethora of side-effects including euphoria, painful
urination, abdominal pain, seizures, allergic reactions, respiratory
depression and constipation [71]. Despite these treatments, GI dysfunc-
tion still persists, due to the sustained damage to the ENS after the use
of chemotherapeutic drugs [59,71,77].

5. Chemotherapy-induced constipation

The exact incidence of chemotherapy-induced constipation (CIC) is
hard to determine due to the occurrence of secondary constipation from
drugs given to inhibit other chemotherapy-induced or cancer-related
symptoms such as anti-emetics to control nausea and vomiting and
opioids to suppress pain. However, CIC rates as high as 80–90% have
been reported following administration of cisplatin, thalidomide, and
vinca alkaloids (vincristine, vinblastine and vinorelbine) [71,78].
Severe constipation can result in a variety of symptoms including
abdominal distension, pain, rectal tearing, hemorrhoids, bleeding and
rectal fissures when passing of dry hard stool. If left untreated, severe
constipation can culminate to life threatening sequelae such as bowel
obstruction, perforation, ischemia and necrosis [79,80].

Constipation can be classified into three categories: normal-transit
constipation, defecatory disorders and slow-transit constipation [81].
Normal-transit constipation is the most prevalent, which presents as
bloating, abdominal pain and psychosocial distress. Defecatory disor-
ders occur when the pelvic floor or anal sphincter is dysfunctional,
resulting in anal fissures and hemorrhoids. Slow-transit constipation is
due to less frequent urges of needing to defecate with symptoms of
abdominal pain, discomfort and bloating [71]. The pathophysiology of
CIC is not intensely understood. but primarily it is due to reduction in
the number of ICC and neuronal loss limiting the innervation of the
internal circular and external longitudinal smooth muscles of the gut,
thus, impairing normal colonic motor function, leading to constipation
[82–84].

Management for constipation can be divided into two main
categories with one being a non-pharmacological approach which
mostly consists of lifestyle changes, such as increasing physical
exercise, increasing fiber and liquid intake [85]. The pharmacological
approach consists of multiple types of laxatives: bulk-forming, osmotic,
emollient, stimulant, lubricant and rectal laxatives. A common side-
effects of laxative use are dehydration, bloating and abdominal pain
[86–88].

Thus, CID and CIC are common debilitating side-effects of che-
motherapy. Current treatments for CID and CIC have many adverse
effects themselves. Therefore, new approaches are required to address
this problem. Since GI functions are controlled by the ENS, it is
plausible to understand the role of the ENS in pathophysiology of
chemotherapy-induced GI dysfunction and develop novel treatments
targeting pathways involved in chemotherapy-induced ENS damage.

Table 2
Functions and side-effects of chemotherapeutic drugs used for colorectal cancer treatment.

Chemotherapeutic agent Function Side-effects

5-FU Anti-proliferating drug by inhibiting DNA synthesis [37] Diarrhea, mucositis [13,62]
Oxaliplatin A non-specific cell phase drug that inhibits DNA synthesis by forming cross-links of DNA

molecules, which leads to strand breaks and inhibition of DNA replication [60,65]
Diarrhea, peripheral neuropathy, constipation,
nausea, vomitting [18,59,60,71]

Irinotecan Induction of permanent DNA damage to tumour cells by inhibiting DNA topoisomerase I [8] Diarrhea, abdominal cramping, rhinitis, lacrimation,
salivation, mucositis [13,62,70]
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6. The enteric nervous system and gastrointestinal functions

The ENS is the prime regulator of the GI functions, and it extends to
the other surrounding organs such as the pancreas and gall bladder.
Sometimes referred to as “the second brain” due to its ability to
function autonomously of the central nervous system, the ENS provides
the intrinsic innervation of the GI tract. The ENS is comprised of
ganglia, primary interganglionic fibre tracts as well as secondary and
tertiary fibres which project to many of the effector systems of the gut
including muscle cells, glands and blood vessels [5,89]. The ENS can be
divided into 2 major ganglionated plexi, the myenteric (Auerbach’s)
and submucosal (Meissner’s), which are responsible for controlling gut
functions including absorption, secretion, motility and vascular tone.
Furthermore, within a given plexus enteric neurons can be classified on
the basis of their morphology, neurochemistry, biophysical properties,
projections and connectivity [3,5].

6.1. Submucosal neurons

Situated superficially to the mucosa, the submucosal plexus is
located between the circular muscle and muscularis mucosa layers
and receives inputs from the myenteric plexus as well as the extrinsic
sympathetic and parasympathetic nerve fibres. The neurons in the
submucosal plexus innervate the mucosal epithelium and submucosal
arterioles to control and maintain water and electrolyte balance,
secretion and vascular tone [5,90].

Movement of fluid between the intestinal lumen and blood circula-
tion is a complex and tightly regulated process involving neural,
endocrine, paracrine, and autocrine systems [90]. Fluid is absorbed
from the lumen containing nutrients via ion-coupled transporters, and
returned through secretomotor reflexes. Water and electrolytes drawn
from both the circulation and the absorbed fluids are moved from the
interstituim of the lamina propria to the lumen. This reflexive control is
exerted namely through sympathetic secretomotor and vasodilator
pathways, however neural control of secretion and absorption of water
and electrolytes occurs on multiple interacting levels [5].

Submucosal secretomotor neurons are directly modulated by cir-
cuitry within the myenteric plexus and via long neural reflex pathways
that pass through the prevertebral sympathetic ganglia, as well as by
parasympathetic and sympathetic pathways coming from the central
nervous system [90]. Myenteric interneurons form a longitudinally
organized recurrent excitatory network and the 5-hydroxytryptamine
(5-HT)/choline acetyltransferase (ChAT) neurons in this network
probably also innervate submucosal ganglia [91,92]. Similarly, myen-
teric intrinsic sensory neurons (ISNs) provide input to submucosal ISNs
[5] and submucosal ISNs project to the myenteric plexus suggesting
cross talk between the two ISN networks in any localized region of the
intestine [90].

The secretory reflex involves enterochromaffin cells, ISNs, various
interneurons and secretomotor neurons [93]. 5-HT released from EC
cells in the mucosa acts on 5-HT3, 5-HT4, and/or 5-HT1P receptors on
ISNs to activate a secretory reflex [94]. ISNs detect sensory information
from the luminal environment in the form of action potentials carried in
their primary afferent process. Input from ISNs converges in the
submucosal plexus to activate neuropeptide Y (NPY), vasoactive
intestinal peptide (VIP) and choline acetyltransferase (ChAT) immu-
noreactive secretomotor and/or interneurons [94]. Activation of ade-
nylyl cyclase and resulting increase in intracellular cyclic AMP drives
the opening of cystic fibrosis transmembrane conductance regulator
and active chloride secretion [90].

6.2. Myenteric neurons

The myenteric plexus, located between the circular and longitudinal
muscles of the muscularis externa, functions to provide motor innerva-
tion to both muscle layers of the gut [5]. Three main classes of

myenteric neurons govern the complex motor reflex pathways. These
include populations of ISNs (or primary afferent neurons), orally
directed (ascending) and anally directed (descending) interneurons,
as well as excitatory and inhibitory motor neurons supplying the
circular and longitudinal muscles [5,7,95,96]. Extrinsic reflex pathways
coordinate the activities of different regions of the GI tract largely by
modifying the activity of enteric neurons representing a final common
level of control of GI functions [95].

Motor function in the small intestine and colon is controlled by
smooth muscle cells, nervous tissues and ICC [97–99]. Smooth muscle
cells form an electrical syncytium within the gut and are innervated,
directly or indirectly through ICC, by neurons [100]. The integration of
inputs from neurons and ICC to smooth muscle cells in the GI tract
allows expression of various motor patterns including peristaltic and
segmenting contractions [101–103]. Peristalsis can be defined as GI
motor pattern involving partial or total occlusion of the lumen that
move contents in the anal direction [103]. Segmenting contractions do
not result in propulsion of contents, but rather mixing activity [98].

Deficiencies in the nerve circuits as well as pathological excitation
of the ENS have been shown to cause a variety of GI diseases [5,100].

7. Role of the ENS in pathology

Changes in enteric neurons are implicated in GI dysfunction
associated with a plethora of disorders including achalasia,
Hirschsprung’s disease, intestinal neuronal dysplasia, Chagas disease,
irritable bowel syndrome and severe idiopathic slow-transit constipa-
tion [5,84,100,104]. Subtle changes to the ENS, not evident in
conventional histological examination, have been suggested as a
potential underlying mechanism for abnormal colonic motor function
leading to constipation [84]. For instance, alterations in the number of
myenteric neurons expressing the excitatory neurotransmitter sub-
stance P, as well as abnormalities in the inhibitory neurotransmitters,
VIP and nitric oxide (NO), and a reduction in the number of ICC have
been observed in patients with slow-transit constipation [82,83,105].
Preferential changes in nitric oxide synthase (NOS) neurons have been
identified in various enteric neuropathies including achalasia, diabetic
gastroparesis, Chagas disease, Hirschsprung’s disease and ischemia/
reperfusion injury [106]. It has been suggested that the involvement of
NOS neurons in enteric neuropathies is due to potentially damaging
effects of the free radical, NO [106]. Due to the relationship between
NO production from NOS and reactive oxygen species (ROS), genera-
tion of excessive NO is linked to oxidative stress.

Chronic intestinal inflammation has been associated with damage to
the ENS resulting in a neuronal loss of up to 50% in the myenteric
plexus [107,108], which may result in downstream effects on GI
function. Post-inflammatory dysmotility is a well-recognized clinical
entity both at the site of inflammation and at distant non-inflamed sites
[109]. Both humoral and cell-mediated inflammatory responses are
associated with increased excitability of enteric neurons and synaptic
facilitation [110,111]. Changes to the electrophysiological properties of
enteric neurons following inflammation have been demonstrated in the
ileum [112,113], jejunum [114] and colon [110,115]. Motor distur-
bances and neuronal changes persist long after the resolution of
inflammation. It has been suggested that these changes to enteric
neurons contribute to disorders of motility, secretion and hypersensi-
tivity during and following GI inflammation [100,104,108,109].
Further, several inflammatory mediators have been implicated in both
short- and long-term smooth muscle contractility changes [116].

However, the effects of chemotherapeutics on enteric neurons and
GI dysfunction have been largely overlooked until recently.

8. Chemotherapy-induced enteric neuropathy

Although neurotoxicity caused by different classes of chemother-
apeutic drugs differs to a significant extent, neuronal degeneration and
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neuropathy are emerging as key players in chemotherapy-induced GI
dysfunction [17,117–121]. Significant enteric neuronal loss correlated
with downstream effects on colonic motility and GI transit have been
observed after administration of chemotherapeutic agents in animal
models [17,119,121] Functional and structural changes in human
myenteric neurons in specimens of colon from patients receiving anti-
cancer chemotherapy have been reported [117]. Cisplatin administra-
tion has been found to significantly reduce the number of myenteric
neurons per ganglion in the gastric fundus and distal colon [119,121].
These changes correlate with reduced upper GI transit and obliteration
of colonic contractile activity caused by cisplatin treatment [119,121].
Similarly, OXL administration induces significant neuronal loss with
25% in the myenteric plexus and 21% in the submucosal plexus of the
ileum and colon [118,120]. Neurons in the distal colon were more
vulnerable to OXL than neurons in the ileum and proximal colon, as
there was greater number of NOS-expressing neurons in the distal colon
after OXL treatment, which is correlated with a reduction in muscle
thickness and colonic contractile activity [17,118,120]. Alterations in
the number and proportion of NOS-immunoreactive neurons have been
found following both OXL and cisplatin treatment [17,119,121]. Long-
term administration of OXL decreases glial fibraillary acidic protein-
immunoreactive enteric glia in both myenteric and submucosal plexi,
but increases s100β-immunoreactive enteric glial cells in the mouse
ileum [120]. The mechanisms of neuronal damage caused by OXL
involve increased superoxide production, mitochondrial membrane
depolarization resulting in the release of cytochrome c and neuronal
apoptosis [118]. OXL-induced excessive production of NO leads to
enhanced inhibitory neuromuscular transmission and reduced muscle
tone of the distal colon underlying colonic dysmotility and symptoms of
constipation [118].

Studies investigating GI function following 5-FU administration in
mice have correlated enteric neuronal loss with colonic inflammation
[122]. It has been demonstrated that short-term 5-FU treatment is
associated with destruction of the epithelial brush border and severe
loss of colonic crypts and goblet cells; however chronic treatment did
not exacerbate epithelial damage [122]. In fact, regeneration of mucosa
was evident during chronic 5-FU treatment, although crypts still
appeared shorter, distended and disorganized [122,123]. 5-FU-induced
changes to mucosal architecture were further associated with an
increased number of CD45 positive leukocytes in the colon and an
amplified concentration of neutrophil gelatinase-associated protein,
lipocalin-2, in faecal samples [122]. This acute inflammation following
5-FU administration was associated with loss of both excitatory (ChAT-
immunoreactive) and inhibitory (NOS-immunoreactive) neurons in the
myenteric plexus at later time points which coincided with delayed GI
transit, gastric and intestinal emptying, and colonic dysmotility [122].
Hyperexcitability of myenteric neurons, increased number of neurons
with translocation of Hu protein from the cytoplasm to the nucleus and
increased soma size of NOS-immunoreactive neurons were observed in
colon specimens from patients received 5-FU alone, FOLFOX (folinic
acid, 5-FU and OXL) and 5-FU in combination with radiotherapy [117].

Unpublished work from our group has shown severe mucosal
ulceration, crypt hypoplasia, increases in CD45 positive leukocytes
and morphological disorganization in the colon after short and long-
term IRI treatment (McQuade et al., 2017, unpublished). This is in line
with previous studies reporting villus blunting, crypt ablation and
epithelial atrophy in the rat jejunum and colon following IRI adminis-
tration [124]. However, our results have demonstrated mucosal
regeneration in post-treatment mice consistent with human studies
showing that early histological changes in the GI tract following
chemotherapeutic administration are resolved within days of treatment
cessation, with no abnormal endoscopic findings in patients as early as
16 days post-chemotherapy [75]. Although histological damage to the
gut may resolve within days following chemotherapeutic treatment,
long-term GI dysfunction is known to persists up to 10 years following
chemotherapy [11,125]. While the underlying mechanisms of this

dysfunction remains unclear, early mucosal damage and acute intest-
inal inflammation can lead to death and damage of enteric neurons
resulting in long-term GI dysfunction [107,110,112,113]. IRI adminis-
tration induces significant increase in ChAT-immunoreactive neurons
as well as the density of cholinergic fibers resulting in altered colonic
motor activity and GI transit time (McQuade et al., 2017, unpublished).

Thus, chemotherapeutic drugs cause severe damage to the ENS
significantly contributing to mechanisms underlying GI dysfunction.

9. Conclusion and future prospects

Chemotherapy-induced GI dysfunction is a serious yet underack-
nowledged clinical hurdle impacting the effective treatment of CRC.
Persistent and chronic constipation and diarrhea in particular signifi-
cantly influence effective application of chemotherapeutics, contribut-
ing to dose reductions, dose delays and cessation of chemotherapeutic
treatment in a large majority of CRC patients. Understanding patho-
physiological mechanisms underlying these dose-limiting symptoms
and the development of new therapies targeting these mechanisms is a
promising avenue of research that may improve the prognostic outcome
of CRC. Recent studies providing insight into the association between
chemotherapy-induced enteric neuropathy and GI dysfunction have
highlighted the ENS as a potential therapeutic target for alleviating
chemotherapy-induced toxicity which may improve both clinical out-
comes and quality of life in CRC patients.
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