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Abstract

Chemotherapy—induced gastrointestinal dysfunction is a common occurrence associated with 

many different classes of chemotherapeutic agents. Gastrointestinal toxicity includes mucositis, 

diarrhea, and constipation, and can often be a dose-limiting complication, induce cessation of 

treatment and could be life threatening. The gastrointestinal epithelium is rich in rapidly dividing 

cells and hence is a prime target for chemotherapeutic drugs. The incidence of gastrointestinal 

toxicity, including diarrhea and mucositis, is extremely high for a wide array of chemotherapeutic 

and radiation regimens. In fact, 60%–100% of patients on high-dose chemotherapy suffer from 

gastrointestinal side effects. Unfortunately, treatment options are limited, and therapy is often 

restricted to palliative care. Therefore, there is a great unmet therapeutic need for preventing and 

treating chemotherapy-induced gastrointestinal toxicities in the clinic. In this review, we discuss 

our current understanding of the mechanisms underlying chemotherapy-induced diarrhea and 

mucositis, and emerging mechanisms involving the enteric nervous system, smooth muscle cells 

and enteric immune cells. Recent evidence has also implicated gut dysbiosis in the pathogenesis of 

not only chemotherapy-induced mucositis and diarrhea, but also chemotherapy-induced peripheral 

neuropathy. Oxidative stress induced by chemotherapeutic agents results in post-translational 

modification of ion channels altering neuronal excitability. Thus, investigating how chemotherapy-

induced changes in the gut- microbiome axis may lead to gut-related toxicities will be critical in 

the discovery of new drug targets for mitigating adverse gastrointestinal effects associated with 

chemotherapy treatment.

1. Introduction

Current chemotherapeutic regimens do not differentiate between cancer cells and normal 

cells such as those lining the epithelium of the gastrointestinal tract. This non-specific 

targeting of rapidly dividing cells results in many gastrointestinal related side effects. 

Chemotherapy-induced gastrointestinal (GI) toxicities are prevalent among a wide array 

of chemotherapeutic and radiation regimens. It is estimated that 40% of patients receiving 

standard dose chemotherapy will develop GI-related toxicities, while significantly greater 

incidence rates have been reported in patients receiving higher drug doses. In fact, it 
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is estimated that approximately 60%–100% of patients on high dose chemotherapy will 

experience GI toxicities (Cinausero et al., 2017; Dahlgren et al., 2021; Sonis, 2004). Clinical 

symptoms typically manifest as nausea, constipation, vomiting, diarrhea, abdominal pain, 

weight loss and ulcerations within the mucosa (Cinausero et al., 2017; Kwon, 2016; Sonis, 

2004). The prevalence and severity of these GI toxicities is dependent on the type of 

chemotherapy and the dose regimen. Treatment of patients is often limited to symptom 

management and palliative care as currently no preventative treatments exist. Clinicians are 

frequently left with the difficult choice of interrupting or altering the chemotherapy regimen 

or even prematurely discontinuing treatment, ultimately reducing desirable outcomes, 

increasing hospital stays, impairing patients’ quality of life and increasing their economic 

burden (Cinausero et al., 2017; Elting et al., 2003). Given the pervasiveness and challenges 

in treating chemotherapy-induced gastrointestinal toxicities, it is of great interest to review 

the mechanisms contributing to development of these morbidities. A large number of 

chemotherapeutic agents used for the treatment of different cancers affect the epithelial 

barrier integrity. The gut epithelium contains rapidly dividing cells and therefore presents 

a significant target for the chemotherapeutic agents acting either directly or indirectly to 

initiate the disruption of the epithelial barrier. The current understanding of underlying 

mechanisms that contribute to these toxicities involve enterocytes, smooth muscle, enteric 

neurons, and immune cells.

2. Chemotherapy-induced diarrhea

Diarrhea is a common side effect of chemotherapy, especially in patients suffering from 

advanced cancers. It is estimated that about 50%–80% of cancer patients suffer from 

chemotherapy-induced diarrhea (CID) (Stein et al., 2010). CID is associated with a failure 

to retain fluid and electrolytes resulting in severe dehydration and electrolyte imbalances, 

malnutrition, or renal and cardiac dysfunction, all of which can lead to hospitalization and 

in severe cases, death. Diarrhea is characterized by increased stool frequency, liquidity, and 

decreased consistency of stools (Table 1). Diarrhea can be classified as secretory, osmotic, or 

infectious. Secretory diarrhea occurs due to increased chloride secretion from the epithelium 

to the lumen. The increase in intraluminal fluid can stimulate gastrointestinal motility and 

can be initiated by drugs acting on intestinal epithelial cells (Said, 2018). Osmotic diarrhea 

occurs as a result of increased water being drawn into the lumen. This can be a product of 

both malabsorption and maldigestion pathways. This diarrhea is often associated with high 

stool osmolarity gap (Said, 2018). Infectious diarrhea due to viruses such as Rotavirus or by 

bacteria including Escherichia coli and Salmonella, increase chloride secretion by crypt cells 

to produce watery diarrhea.

The pathophysiology of CID is complex and involves multiple factors. It has been suggested 

that acute damage to the intestinal epithelium, including to the architecture of the crypts 

and villi, plays a significant role in disrupting the secretory and absorptive functions of the 

intestinal wall. Preclinical studies have shown that chemotherapeutics, such as irinotecan, 

induce significant apoptosis in intestinal crypt cells within the colon and jejunum. The need 

to compensate for the enhanced rate of apoptosis can result in metaplasia of goblet cells 

and increased production of immature secretory cells, thus contributing to the exacerbated 

mucus production associated with CID (Gibson et al., 2003; Ikuno et al., 1995; McQuade, 
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Stojanovska, et al., 2016). Impaired absorption across the intestinal epithelium due to 

atrophy of the villi can result in greater retention of contents within the lumen. This can 

produce an osmotic shift which drives water into the lumen, further contributing to the 

onset of diarrhea (Gibson & Keefe, 2006; McQuade, Stojanovska, et al., 2016; Stringer 

et al., 2007). CID is largely believed to be a form, or by-product, of intestinal mucositis 

characterized by mucosal injury presenting as inflammation and ulceration, resulting in 

alterations of intestinal microflora and GI secretion. Additionally, emerging evidence 

also implicates the enteric nervous system, which is known to regulate the motor and 

secretomotor functions of the GI tract. The mechanisms underlying the development of CID 

are discussed in detail in the subsequent sections. Table 2 provides a list of drugs that are 

known to cause CID and specific drug types commonly associated with CID have been 

described in more detail below.

3. Chemotherapy-induced mucositis (CIM)

Damage to the gastrointestinal mucosa is a common consequence of both radiation therapy 

and chemotherapy. Chemotherapy-induced mucositis (CIM) is a major dose limiting side 

effect that can affect many parts of the gastrointestinal tract, although predominantly in the 

small intestine, oral and oropharyngeal mucosal linings (Cinausero et al., 2017; Dahlgren et 

al., 2021). As such CIM has been considered a great unmet clinical challenge to improving 

patient’s cancer outcomes. To date a majority of the research has been focused on oral 

mucositis rather than gastrointestinal mucositis. This is largely due to accessibility of the 

tissue area. In this section we first describe the structure of the intestinal epithelium and the 

function of constituent cell types. We then cover the specific pathobiological mechanisms as 

well as current and emerging treatment targets, with a focus on the gastrointestinal changes 

brought on by chemotherapy. For a more thorough review of chemotherapy induced oral 

mucositis and radiation therapy induced mucositis, readers are encouraged to consult the 

following reviews (Cinausero et al., 2017; Dahlgren et al., 2021; Kwon, 2016; Sonis, 2004).

3.1 Intestinal epithelium

The intestinal epithelium is a continuous monolayer of cells that forms a physical and 

biochemical barrier for host defense against luminal contents through a multitude of neuro-

immune-epithelial interactions with the gut microbiota. These interactions are important 

for maintaining a symbiotic relationship with commensal gut bacteria. Perturbation of this 

steady state can result in microbial dysbiosis and invasion by pathogenic organisms, and lead 

to mucositis, dysregulation of intestinal activity and systemic inflammation.

The structure of the epithelium, and prevalence and function of the cell types constituting 

the epithelium vary between the small and the large intestines. In the small intestine, the 

epithelium extends into the lumen to form structures called villi, which greatly enhance the 

surface area for absorption of nutrients. Villi are not observed in the colon. In between the 

villi are invaginations called the crypts of Lieberkühn. Intestinal epithelial stem cells are 

present at the base of the crypts and give rise to transit-amplifying cells, which differentiate 

and mature into various cell types as they migrate towards the tip of the villi. These 

terminally differentiated cell-types, with the exception of Paneth cells, are subsequently shed 
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into the lumen and as a result under homeostatic conditions the entire intestinal epithelium is 

renewed every 4–5 days (Allaire et al., 2018; van der Flier & Clevers, 2009). An unregulated 

increase in the intestinal epithelial cell death affects tissue restitution underlying many of the 

gastrointestinal toxicities.

The formation and maintenance of the crypt-villus organization of the intestinal epithelium 

rely on interactions between the epithelium and the underlying mesenchyme. Hedgehog 

signals from intestinal epithelial cells in the crypts induce bone morphogenetic protein 

(BMP) in the underlying mesenchyme, which in turn promotes the formation of villi, while 

inhibiting ectopic crypt formation. Studies have shown that inhibition of hedgehog signaling, 

or attenuation of BMP signal transduction prevents villi formation and overactivation of 

crypt-like domains (Haramis et al., 2004; He et al., 2004; Madison et al., 2005). Alternately, 

endogenous inhibitors of BMP such as noggin and gremlin produced in the inter-villus 

domains protect the crypts from BMP-mediated inhibition and sustains crypt proliferation. 

Furthermore, WNT-β-catenin and Notch signaling in intestinal epithelial cells in the crypts 

co-operate to maintain cell proliferation and determine cell fate i.e., differentiation into the 

various secretory and absorptive cell types (Crosnier et al., 2006; van der Flier et al., 2009).

The different species of epithelial cells include enterocytes (also referred to as colonocytes 

in the large intestine), which mediate absorption of nutrients and water, but can also secrete 

antimicrobial peptides; goblet cells, which secrete mucins and antimicrobial peptides, 

and play an important role in antigen sensing and priming of the immune system; 

enteroendocrine cells; and tuft cells that provide protection against helminths. Other cell 

types such as Paneth cells and microfold (M) cells are exclusively found in the small 

intestine. Paneth cells are intercalated with stem cells at the base of the crypts and secrete 

granules containing antimicrobial peptides, such as defensins, C-type lectin regenerating 

islet-derived III proteins, lysozyme C, cathelicidins, and phospholipases (Bevins & Salzman, 

2011; Gallo & Hooper, 2012), to protect nearby stem cells, whereas M cells are specialized 

antigen presenting epithelial cells localized to Peyer’s patches. In the Peyer’s patches 

M cells present luminal antigens and live bacteria to the underlying mucosal immune 

system in order to prime the immune cells to the luminal microbial environment. The 

lymphoid follicle-associated epithelium of the Peyer’s patches can produce low levels of 

antimicrobial peptides, mucus, and IgA. Additionally, the intestinal epithelium is surveilled 

by subepithelial dendritic cells and resident macrophages, which sample the luminal 

microbial environment through transepithelial dendritic processes (Allaire et al., 2018; 

Peterson & Artis, 2014).

3.2 Pathobiological mechanisms of CIM

The pathological mechanisms that drive the specific changes in CIM are generally tissue 

(oral vs intestinal) and insult (chemotherapy vs radiation therapy) independent (Sonis, 

2004). Chemotherapy-induced gastrointestinal mucositis is histologically characterized by 

crypt loss, villus atrophy, loss of renewal capacity, and impairment of the gut absorptive 

and barrier function (Bajic et al., 2018; Dahlgren et al., 2021). Originally thought to be an 

insult purely to the epithelium of the GI tract, we now understand CIM to be the result 

of a complex biological pathway that begins before patients often experience symptoms 
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(Cinausero et al., 2017; Sonis, 2004). A well-established five-step model was initially 

proposed for the development of mucositis by a panelist established by The Multinational 

Association of Supportive Care in Cancer and the International Society for oral oncology. 

The initial clinical practice guidelines have been periodically modified over time (Bowen et 

al., 2019).

The first stage of mucositis begins with an initiation phase and the formation of reactive 

oxygen species (ROS) with direct damage to the DNA of cells throughout the tissue 

(submucosa, basal layers, endothelium) initiating both the innate immune response and 

the subsequent secondary messenger cascade likely within short order after DNA strand 

damage (Cinausero et al., 2017; Dahlgren et al., 2021). These initial events are followed by 

an upregulation and secondary messenger generation phase. ROS and the local immune 

cells further disrupt the tissue by stimulating macrophages and activating a host of 

secondary messengers such as Wnt/β-catenin, p53, caspase-1/3, Bcl-2 (Cinausero et al., 

2017; Dahlgren et al., 2021; Sonis, 2004). NF-κB is likewise activated and is one of the 

most studied secondary messengers in the pathogenesis of CIM mainly because of its role 

in activating pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-6, 

IL-1, IL-18, and IL-33 (Dahlgren et al., 2021; Guabiraba et al., 2014). This is then followed 

by a signal amplification phase, leading to increasing inflammation by the collective effects 

of many of the pathways that are activated by the aforementioned cytokines and secondary 

messengers. For example, the activation of TNF-α by NF-kB in turn activates yet more NF-

kB which then activates MAPK and the JNK pathway and a breakdown of fibronectin and 

further macrophage activation. Ultimately the downstream effect of the NF-kB dependent 

and independent pathways is an increase in mucosal inflammation and increased apoptosis, 

resulting in an ulceration phase characterized by damage of the epithelial barrier promoting 

bacterial translocation and wound colonization. In this phase, loss of stem cells from the 

crypts due to apoptosis leads to a diminished renewal capacity and the inability to replenish 

the intestinal epithelial cells (IEC), and results in an ulcer formation allowing for increased 

translocation of luminal contents to the submucosa including bacterial colonization of the 

ulcer, ultimately promoting even more inflammatory signal cascades and activating pro 

apoptotic genes (Cinausero et al., 2017; Dahlgren et al., 2021; Sonis, 2004). Clinically, 

symptoms become evident at this stage, approximately 1–2 days after treatment in the case 

of CIM of the small intestines (enteritis) which is 10 times more likely to experience 

spontaneous apoptosis than the large intestines (Bowen et al., 2006; Dahlgren et al., 

2021). Finally, a post ulcerative healing phase with cell proliferation and barrier recovery 

occurs once chemotherapy has ceased. This phase is characterized by the restoration of 

physiologically normal proliferation, maturation and differentiation of both progenitor stem 

cells within the crypts and subsequent epithelial layers (Cinausero et al., 2017; Dahlgren et 

al., 2021; Sonis, 2004).

Beyond the canonical DNA damage/ROS initiated pathway established by Bowen et al 

(Bowen et al., 2019), activation of toll-like receptors (TLRs), which are a group of 

pattern recognition receptors that can recognize pathogen associated molecular patterns 

such as lipoteichoic acid (LTA) and lipopolysaccharide (LPS) from various gram positive 

and gram-negative microbes is another important mechanism by which CIM may occur. 

TLRs are expressed throughout the gastrointestinal tract by epithelial and immune cells, 
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and TLRs have been a focus of research due to their role in mediating the balance 

between the gut microbial flora and activated immunity. With specific regards to TLR-2, 

pre-clinical evidence has implicated TLR-2 in a mucosal protective role by downregulating 

the excessive activation of inflammatory cells and promoting the expression of the anti-

inflammatory cytokine IL-10. However, some reports have also implicated TLRs in the 

induction of intestinal inflammation via production of NF-kB through MyD88-dependent 

and -independent pathways (Lupi et al., 2020; Wu et al., 2020). Studies examining the 

role different chemotherapeutics might play on the expression of TLRs have been recently 

examined by Wei et al. (Wei, Wen, & Xian, 2021), where the authors discussed the body of 

literature around TLRs with particular interest in TLR-2, TLR-4 and TLR-9. Interestingly, 

the authors found that while generally 5-FU and methotrexate (MTX) showed an increase 

in TLR-2, 4 and 9, conflicting evidence exists between animal models and species. Overall, 

findings from the clinical studies and animal model experiments suggested that the effects 

of chemotherapeutic agents on the expression of TLRs vary significantly with the types of 

drugs, dosages, species and routes of administration across models (Wei et al., 2021).

Drug metabolizing enzymes (DMEs) are an understudied but potentially important 

component of chemotherapy induced GI toxicity. In their recent review Tao et al. (2020) 

reported that altered activity of DMEs play an important role in chemotherapy-induced 

GI toxicity. The predominant DME in the gut are suggested to be the cytochrome P450 

(CYP) and UDP-glucuronosyltransferase (UGT) families. These enzymes (particularly 

the CYP super family) are responsible for reactive metabolism with alkylating agents, 

antimetabolites, topoisomerase inhibitors and tyrosine kinase inhibitors. A noted example 

are the metabolizing effects on irinotecan (detailed below). Lapatinib has been demonstrated 

to inhibit CYP3A4, while paclitaxel, erlotinib, tamoxifen, ifosfamide, flutamide and 

docetaxel all activated the pregnane X receptor (PXR) and altered CYP3A4 expression (Tao 

et al., 2020).

3.3 Chemotherapeutics implicated in CIM and CID

Severity of CIM can often depend on the specific chemotherapeutic used. For example, 

the antimetabolites, 5-FU (Abdel-Rahman et al., 2016; Schwab et al., 2008) methotrexate, 

and irinotecan (Mayo et al., 2017; Stein et al., 2010), the alkylating agents such as 

cyclophosphamide, and cisplatin (Villa & Sonis, 2015), anthracyclines and lastly taxanes 

(Kwon, 2016) all tend to be more consistently associated with mucosal toxicities than 

bleomycin, hydroxyurea, or etoposide (Cinausero et al., 2017).

One of the most studied chemotherapeutics related to CIM/CID is irinotecan. Irinotecan 

is a prodrug that is metabolized by hepatic and systemic carboxylesterases to its active 

form, SN-38, which is 100–1000 times more potent than its parent compound (Stein et al., 

2010). SN-38 inhibits topoisomerase I leading to single stranded DNA breaks. Activation 

of death signals induces pro-apoptotic proteins (caspase-9 and-3 and p53) via up-regulation 

of MAPK signaling and downregulates the anti-apoptotic PI3K/Akt and BcL-xL mediated 

pathways (Bowen et al., 2007; Koizumi et al., 2005; Takeba et al., 2007). SN-38 is 

inactivated through glucuronidation by hepatic uridine diphosphate glucuronosyltransferase 

to the inactive metabolite SN-38G and excreted into the gastrointestinal tract through 
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the bile duct (Sun et al., 2020). In the GI tract β-glucuronidases produced by the gut 

bacteria cleave the glucuronide moiety, thus transforming the inactive SN-38G back to 

the active SN-38 (Bhatt et al., 2020). Consequently, accumulation of active SN-38 within 

the intestinal lumen leads to enhanced local toxicity and as a result causes significant 

damage to the intestinal wall (Stringer et al., 2008). As such, in animal models, irinotecan 

produces a dose and time dependent induction of villous atrophy and crypt ablation in 

the small intestine and severe colonic mucosal damage with crypt hypoplasia (Stringer, 

Gibson, Bowen, et al., 2009; Stringer, Gibson, Logan, et al., 2009). The damage to the 

mucosa contributes ultimately to the severe diarrhea, a hallmark of this chemotherapeutic. 

Diarrhea occurs within minutes of administration and can last up to 24h. The diarrhea 

produced immediately post drug administration is believed to be mediated through inhibition 

of acetylcholinesterase, which leads to increased cholinergic transmission (Stein et al., 

2010). Acetylcholine is the major excitatory neurotransmitter in the gut and enhanced 

cholinergic signaling can lead to increased muscle contractions and fluid secretion, the 

basis for enhanced motility and secretion in diarrhea (Furness, 2007). Thus, atropine, 

the muscarinic receptor antagonist, is prescribed as a first-line therapy for mitigating the 

initial diarrhea (Schiller et al., 2017). However, late-onset diarrhea is chronic, atropine-

insensitive, and is associated with significant intestinal mucositis (Bowen et al., 2007; 

Stein et al., 2010). Interestingly, CIM occurs more frequently with a combination of 

irinotecan and fluoropyrimidines such as capecitabine. For example, patients treated with the 

capecitabine, and irinotecan (XELIRI) regimen reported higher gastrointestinal toxicity than 

with fluorouracil and irinotecan (FOLFIRI). For combination regimens with fluorouracil and 

oxaliplatin (FOLFOX) or FOLFIRI, CIM has been estimated at 50% and 89%, respectively 

(Basile et al., 2019).

5-Fluorouracil (5-FU) is used in the treatment of variety of malignancies. 5-FU is converted 

to fluorodeoxyuridine monophosphate (FdUMP), which complexes with thymidylate 

synthase and prevents DNA replication and repair. 5-FU can also serve as a pyrimidine 

analog incorporating in place of uracil or thymine. This inhibition of DNA repair machinery 

results in cell death. 5-FU induced apoptosis of enterocytes results in a reduction of crypt 

and villi length, fusion of villi, enterocyte hyperplasia and increased apoptosis of crypt 

cells (Cinausero et al., 2017; Dahlgren et al., 2021; Kwon, 2016; Lee, 2014; Soares et 

al., 2008). The most common adverse effect reported with the systemic administration of 

5-FU is diarrhea due to mucositis. As described above, mucositis involves epithelial damage 

due to ROS which can have significant effects on secretory processes resulting in diarrhea. 

Additionally, use of leucovorin in combination with fluoropyrimidines results in increased 

prevalence of this 5-FU induced diarrhea. The specific mechanisms whereby 5-FU induces 

toxicity are varied across the pre-clinical literature. In rats, Logan et al. (Logan, Gibson, 

Sonis, & Keefe, 2007) found that 5-FU elevated levels of TNF-α and IL-1β but not of 

NF-κB and IL-6 while other studies have noted increases in transcription of NF-kB (Lee, 

2014). In general, a specific role for pro-inflammatory cytokines and proteins involved in 

apoptosis regulation has been suggested by many studies involving 5-FU (Basile et al., 2019; 

Lee, 2014; Ribeiro et al., 2016).

Platinum-based chemotherapeutic drugs, including cisplatin, form interstrand and intra-

strand crosslinks with nucleic acid bases creating DNA adducts which inhibit DNA synthesis 
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and transcription (Boussios et al., 2012; Stojanovska et al., 2015). The oxidative stress 

resulting from mitochondrial damage induces pro-apoptotic proteins (Bak, Bax, p38 MAPK, 

and p53), the activation of NF-kB and TNF-α signaling pathways as well as downstream 

activation of inflammatory cytokines and chemokines in the intestinal epithelium to 

induce gastrointestinal toxicity (Qi et al., 2019). Platinum agents are also known to 

elicit immunogenic cell death through activation of damage associated molecular patterns 

(DAMPs), such as high mobility group protein B1(HMGB1) and calreticulin (Stojanovska 

et al., 2015, 2016). When administered as single drug therapies, oxaliplatin and carboplatin 

exhibit lower GI toxicity compared to cisplatin (Hartmann & Lipp, 2003). This could 

be because preclinical studies have reported that the ileal mucosa is more sensitive to 

cisplatin (Cinausero et al., 2017; Yamamoto et al., 2013). The GI toxicity of platinum salts, 

oxaliplatin and cisplatin are significantly increased when administered in combination with 

5-FU (Lee, 2014).

3.4 CIM and the microbiome

The role of the gut microbiome in mucosal inflammation has been well recognized, 

including in chemotherapy—induced effects (Bajic et al., 2018). Bacteria of the GI tract are 

essential to the normal physiological regulation of intestinal barrier functions, maintenance 

of selective intestinal permeability, inflammation and innate immune response, repair 

mechanisms, cell apoptosis, and oxidative stress (Dahlgren et al., 2021; Prisciandaro et 

al., 2011). Both the direct and indirect toxic effects of chemotherapeutics on the gut 

microbiome impact the clinical manifestations of CIM, where they ultimately may lead 

to the development of bacteremia and diarrhea or sepsis. Hong-Li et al reported that 5-FU 

resulted in significantly changed profiles of inflammatory cytokines/chemokines in serum 

and colon (Li et al., 2017). 5-FU diminished bacterial diversity, leading to the relative 

lower abundance of Firmicutes and decreased Firmicutes/Bacteroidetes (F/B) ratio in feces 

and cecum contents. These investigators found that fecal transplant from healthy mice 

prevented body weight loss and colon shortening of 5-FU treated mice, although restoring 

the dysbiotic microbiota from 5-FU-treated animals reversed these effects. Thus, these 

findings suggested that 5-FU induced intestinal mucositis could be alleviated by altering the 

gut microbiome (Li et al., 2017). Similarly, Chun-Yan et al found that diarrhea developed 

in the 5-FU groups but was attenuated after oral probiotic suspension of Lactobacillus 
casei variety rhamnosus (Lcr35) or Lactobacillus acidophilus and Bifidobacterium bifidum 
(LaBi). Additionally, they found that pro-inflammatory cytokines (TNF-α, IL-1β and 

Il-6) were upregulated after 5-FU treatment but were attenuated by the probiotic mixture 

(Yeung et al., 2015). Despite the fact that many studies find a strong link between 

the microbiome and the development of mucositis (Chang et al., 2018, 2020; da Silva 

Ferreira et al., 2020; Stringer & Logan, 2015; Wu et al., 2019; Wu et al., 2021) therapies 

designed to ameliorate gut dysbiosis have so far proven unsuccessful in treating CIM in 

the clinical setting (Dahlgren et al., 2021; Touchefeu et al., 2014). This could be due to 

challenges associated with the use of antibiotics or delivery of pharmacologically relevant 

doses of compatible strains of microbiota. Nonetheless, modulating the gut microbiome 

to alleviate chemotherapy-induced gastrointestinal toxicities by combining antibiotics with 

patient-specific probiotics/fecal microbiota transplants to target pathogenic bacteria and 

replenish the commensal microbiome remains an exciting prospect.
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4. Emerging mechanisms underlying chemotherapy-induced 

gastrointestinal toxicity

It has been reported that 13%–50% of patients exhibit diarrhea for up to 10 years after 

cessation of cancer treatment (Denlinger & Barsevick, 2009). However, the pathophysiology 

underlying chronic diarrhea is not well understood. The development of diarrhea often 

involves aberrations in the transport of sodium, chloride, and water across the epithelium, 

and/or enhanced contractility of gastrointestinal smooth muscle function regulated by 

the enteric nervous system (ENS). The ENS is a semi-autonomous nervous system 

intrinsic to the gastrointestinal tract (Kulkarni et al., 2018). It is organized into two 

interconnected ganglionated plexuses—myenteric plexus (Auerbach’s) and submucosal 

(Meissner’s) plexus. The myenteric plexus lies between the outer longitudinal and circular 

muscle layers and is responsible for coordinating motor patterns of the intestinal wall. The 

submucosal plexus is located in the submucosal layer between the circular muscle and 

muscularis mucosa and regulates secretomotor activity (fluid and electrolyte homeostasis), 

vascular tone and epithelial cell functions. Nerve fibers from both the myenteric and 

submucosal plexuses project into the mucosa (Brehmer, 2006; Furness, 2007). For a 

comprehensive review of the enteric nervous system and the pathways underlying the motor 

and secretomotor reflexes that mediate gastrointestinal peristalsis and regulate secretory flux 

across the intestinal epithelium, respectively, readers are encouraged to refer to ‘The Enteric 

Nervous System’ by Furness (Furness, 2007).

Several chemotherapeutic agents, including platinum compounds and taxanes, are known 

to induce neuropathy in peripheral afferents innervating the limbs and the mechanisms 

underlying neurotoxicity have been extensively investigated (Colvin, 2019). It has been 

reported that enteric neurons are replaced every 2 weeks in the myenteric plexus of adult 

mice (Kulkarni et al., 2017), thus rendering neurogenesis as a potential target for disruption 

by chemotherapy drugs. However, it is not entirely clear whether the regeneration occurs 

under insult and injury or is a homeostatic mechanism in health conditions (Pawolski & 

Schmidt, 2020). Interestingly, enteric neurogenesis is reported to be modulated by the gut 

microbiome (Vicentini et al., 2021). However, the toxic effects of chemotherapy on the ENS 

are not well characterized in the clinic. Moreover, the role of enteric neurotoxicity in the 

induction and prolongation of symptoms associated with chemotherapy-induced diarrhea is 

unclear. Emerging evidence from preclinical studies indicates that several chemotherapeutic 

agents, such as oxaliplatin, cisplatin, 5-FU, irinotecan and vincristine induce enteric neuron 

toxicity and/or alter the neurochemical composition of enteric ganglia within the myenteric 

and/or submucosal plexuses (McQuade et al., 2020).

Oxidative stress has been reported as a key mechanism underlying mitochondrial damage 

and apoptosis in intestinal epithelial cells and enteric neurons following chemotherapy 

treatment (Cinausero et al., 2017; McQuade, Carbone, et al., 2016). Reactive oxygen/

nitrogen species are known to alter ion channel function by inducing post-translational 

modifications directly to its structure or indirectly by modifying proteins regulating 

channel activity or gene expression. Several ion channels have been extensively examined 

in neurons under neuropathic or inflammatory conditions and provide a strong body 
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of evidence for shared mechanisms and pathways. For example, voltage-gated sodium 

channels are important drivers of he action potential upstroke in neurons (Akbarali, 2014). 

Reactive nitrogen species (RNS) have been shown to increase the activity of inactivation-

resistant voltage-gated sodium channels in hippocampal neurons (Annunziato et al., 2002), 

whereas in baroreceptor neurons RNS decreased the activity of tetrodotoxin-resistant 

and tetrodotoxin-sensitive voltage-gated sodium channels (Li et al., 1998). ROS/RNS 

can also increase the activity of several members of the TRP channel superfamily, 

such as TRPM2, TRPM7, TRPC3/4 and TRPV1, many of which are expressed in the 

gut and thus seem a likely target for dysregulation by the inflammation induced by 

chemotherapy (Akbarali, 2014; Drokhlyansky et al., 2020; Holzer, 2011). Oxidative stress 

can evoke prolonged sensitization of TRPV1 channels (Schilling & Eder, 2009). Oxidation 

of TRPV1 channels can also render them resistant to capsaicin-induced desensitization 

and activity of the desensitized receptor can be rescued following significant oxidative 

stress (Chuang & Lin, 2009). TRPV1 channels are non-selective cation channels known 

to respond to noxious stimuli, such as acidic pH (<5.9), noxious heat (>43°C) and 

capsaicin (Akbarali, 2014; Buckinx et al., 2013). They are highly expressed in nociceptive 

neurons, including those innervating the gut (Holzer, 2011), and have been implicated in 

chemotherapy-induced peripheral hypersensitivity (Aromolaran & Goldstein, 2017). Under 

physiological conditions, TRPV1-expressing gut-innervating neurons play an important role 

in maintaining homeostasis by responding to various changes in the gut (Chiu et al., 2013; 

Lai et al., 2020). Indeed, Lai et al. (2020) recently demonstrated that TRPV1-expressing 

primary afferent neurons protect against pathogenic bacteria invasion by regulating M cell 

density in ileum Peyer’s patches via release of CGRP. Although, during pathophysiological 

conditions, such as colitis, TRPV1 activation in sensory neurons exacerbated inflammation 

(Engel et al., 2012). It is important to note that the presence of TRPV1 channels in the 

ENS is contested with some studies indicating expression exclusively in extrinsic afferents 

innervating the gut (including primary afferent dorsal root ganglia neurons), while others 

have reported expression in enteric neurons (Buckinx et al., 2013; Holzer, 2011). This 

discrepancy could be due to the presence of different isoforms that display differing 

immunoreactivity (Allais et al., 2017; Buckinx et al., 2013). TRPM2, TRPM7 and TRPC3/4 

are expressed in enteric neurons (Drokhlyansky et al., 2020). The P2X2 receptor is another 

ion channel target for oxidative stress in the intestine. The P2X2 receptor can mediate 

synaptic transmission between neurons and the neuromuscular junction (Akbarali, 2014). 

Oxidative stress has been shown to modulate P2X2 receptor activity. For example, Coddou 

et al. reported increased P2X2 receptor activity due to oxidative stress (Coddou et al., 2009). 

In contrast, Mason et al. (Mason, Bourke, & Kemp, 2004) reported that mitochondrial ROS 

production decreased ATP-activated P2X2 currents.

Interspersed between neurons are enteric glia. In the myenteric and submucosal plexuses, 

enteric glia have been observed surrounding neuronal cell bodies and like neurons, they 

extend projections into the musculature and the mucosal epithelium (Seguella & Gulbransen, 

2021). Within the gastrointestinal tract, enteric glia have been reported to play an integral 

role in supporting epithelial barrier function, peristalsis and inflammation (Bhave et al., 

2017; Rao et al., 2017; Seguella & Gulbransen, 2021) through interactions with neurons, 

immune cells, enterocytes and enteroendocrine cells (Bohórquez et al., 2014; Ibiza et al., 
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2016; Liu et al., 2013; Neunlist et al., 2007). Recent studies have reported up-regulation 

of molecular markers associated with reactive gliosis (S100β and GFAP) in enteric glia 

after treatment with chemotherapeutic agents, such as oxaliplatin, 5-FU and irinotecan 

(Costa et al., 2019; Gibson et al., 2016; Grundmann et al., 2019; Nogueira et al., 2017; 

Robinson et al., 2016). Furthermore, S-100β inhibition mitigated chemotherapy-induced 

oxidative stress, enteric neuropathy, and insult to the crypt-villi architecture (Costa et 

al., 2019). In enteric glia S-100β is known to stimulate inducible nitric oxide synthase 

(iNOS) in models of ulcerative colitis and celiac disease (Sharkey, 2015). Increased nitric 

oxide (NO) due to iNOS overstimulation via S100β-mediated activation of the RAGE/

NF-kB pathway has been shown to disrupt epithelial barrier function (Grundmann et al., 

2019) and promote neuron cell death (Costa et al., 2019; Villarreal et al., 2011). NO 

produced by iNOS can potentiate connexin 43 (CX43) hemichannel opening in enteric 

glia, stimulate CX43-mediated ATP release and drive neuron cell death during intestinal 

inflammation (Brown et al., 2016). Similarly, colonic inflammation due to chronic morphine 

treatment was associated with enhanced ATP currents in enteric glia. CX43 inhibition 

downregulated pro-inflammatory cytokines in the colon, reduced ATP currents and reversed 

chronic morphine-induced decrease in neuron density in the myenteric ganglia (Bhave et al., 

2017). Consequently, upstream mechanisms underlying gliosis or downstream mechanisms 

modulating ATP release, for example, CX43 hemichannels, may be important targets for 

alleviating chemotherapy-induced gastrointestinal toxicity.

While several chemotherapeutic agents are reported to produce toxicity in cardiac muscle, 

skeletal muscle, vascular smooth muscle and the detrusor smooth muscle, not much 

is known about the direct effects on intestinal smooth muscle (Hayward et al., 2013; 

Iguchi et al., 2019; Min et al., 2015). Anthracycline compounds such as doxorubicin 

are known to induce chronic constipation and ileus in patients. Millington, Pascasio, 

Halligan, and De Chadarévian (2012) recently reported moderate-to-severe fibrosis, loss 

of myofilaments and/or hyalinization in the muscularis externa and the muscularis mucosae 

in the gastrointestinal tract of doxorubicin-treated patients. Gastrointestinal motility is a 

highly integrated phenomena and requires coordination between myenteric plexus neurons, 

interstitial cells (Interstitial Cells of Cajal and PDGFRα-positive cells), and smooth muscle 

(Sanders et al., 2012). Therefore, myopathy in intestinal smooth muscle cells can also 

impair intestinal motility. However, the mechanisms underlying intestinal smooth muscle 

toxicity are unclear. Anthracycline compounds such as doxorubicin are known to induce 

cardiotoxicity and cardiomyopathy via mitochondrial production of ROS (Min et al., 

2015). Thus, oxidative stress could be a potential mechanism underlying doxorubicin 

effects on intestinal smooth muscle. During intestinal inflammation, oxidative stress 

altered the gating kinetics of the L-type calcium channel, CaV1.2b, in intestinal smooth 

muscle cells by mutating residues that are necessary for interactions with c-src kinase. 

Reduced channel phosphorylation resulted in decreased calcium influx, which impaired 

excitation-contraction coupling (Akbarali, 2014; Kang et al., 2004, 2007; Ross et al., 

2007; 2010). Reduced calcium influx can also alter gene transcription in smooth muscles. 

For example, during colonic inflammation, tyrosine nitration of L-type calcium channels 

prevented depolarization-mediated CREB phosphorylation (Kang et al., 2010). Interestingly, 

doxorubicin has also been reported to inhibit smooth muscle activity without inducing 
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changes in oxidative stress markers (Iguchi et al., 2019). In this study by Iguchi et al. 

(2019), doxorubicin impaired detrusor smooth muscle contractility by downregulating the 

large-conductance Ca2+-activated K+ channel and altering the expression of myosin-light 

chain kinase isoforms. Thus, inflammation-mediated dysregulation of excitation-contraction 

and/or excitation/transcription coupling in intestinal smooth muscle cells might underlie 

anthracycline-induced chronic constipation.

Macrophages are critical mediators of intestinal inflammation during the initial phase 

of chemotherapy-induced gastrointestinal mucositis. Increased bacterial translocation as a 

consequence of the breakdown of the gut epithelial barrier results in the activation of 

macrophages and thus helps sustain or even exacerbate intestinal inflammation (Sougiannis 

et al., 2021). Recently, Luo et al. (2018) demonstrated that macrophages, specifically those 

localized in intestinal smooth muscles, can also directly promote chemotherapy-induced 

diarrhea. In their studies Luo et al. demonstrated that genetic ablation of TRPV4 receptors 

expressed on muscularis macrophages inhibited irinotecan-induced diarrhea by preventing 

the release of PGE2 from macrophages and downstream activation of E-prostanoid receptor 

1 and 3 on intestinal smooth muscles (Luo et al., 2018). This pathway was independent of 

enteric neurons. Thus, targeting muscularis macrophage activation might be a viable option 

for preventing not only chemotherapy-induced diarrhea but also a host of inflammation-

driven gastrointestinal motility disorders.

5. Treatment of CID

Despite our growing understanding of the mechanisms for chemotherapy-induced GI 

toxicities, pharmacological treatments are limited. Currently, treatment of chemotherapy-

induced diarrhea is based on the severity of the diarrhea.

The first line defense in treatment of CID is loperamide. Loperamide is a peripherally 

restricted mu opioid receptor agonist that decreases secretion and reduces intestinal motility 

by inhibition of enteric neurons. Patients receive escalating doses of loperamide to control 

symptoms. High dose loperamide remains the primary treatment for the acute management 

of CID (grades 1–2) with the clinical guidance of a maximum daily dosing of up to 24mg 

in man. However, in randomized clinical trial data, irinotecan-based therapy was found to 

progress to grades 3–4 diarrhea with a frequency ranging from 6% to 47% despite high 

doses of loperamide (Andreyev et al., 2014). Irinotecan-induced diarrhea therefore becomes 

refractory to loperamide. This may be due to the tolerance to opioids that develops in the 

myenteric neurons of the ileum (Muchhala et al., 2020).

The second line treatment in CID is often octreotide, a synthetic somatostatin analogue 

which decreases secretion and promotes absorption. Octreotide is generally recommended 

for patients refractory to loperamide (Zidan et al., 2001). The mechanism of action involves 

inhibition of serotonin, vasoactive intestinal peptide and gastrin and enhances intestinal 

motility (Brunton et al., 2017; Deng et al., 2017). However, prolonged use of octreotide may 

result in deleterious cardiovascular, CNS and endocrine effects.
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Although other pharmacological interventions including corticosteroids may be used for 

inflammation, treatment for severe diarrhea are limited and can often result in cessation of 

therapy (Boussios et al., 2012).

5.1 Current and emerging pre-clinical strategies for treating CIM

Currently approved strategies for alleviating chemotherapy-induced GI toxicity are aimed 

towards managing symptoms associated with diarrhea and abdominal pain (Table 3). 

However, there is a major unmet clinical need to investigate and develop treatments for CIM, 

which is the basis of chemotherapy induced diarrhea (Cinausero et al., 2017; Dahlgren et al., 

2021; Sonis, 2004). Novel strategies have aimed at targeting the pathway of interconnected 

pathobiological mechanisms including scavenging ROS with antioxidants, inhibiting pro-

inflammatory cytokine (anti-inflammatory), and preventing runaway cell death particularly 

in the cryptic stem cells with apoptosis inhibitors (Dahlgren et al., 2021; Kwon, 2016).

For example, Amifostine, an aminothiol prodrug, which undergoes biotransformation to 

the active metabolite WR-1065, has been reported to reduce doxorubicin-induced CIM in 

rats and methotrexate-induced CIM in mice (Chen et al., 2013; Jaćević et al., 2018). The 

therapeutic effect of WR-1065 has been attributed to scavenging free radicals produced by 

oxidative stress and mitochondrial damage (Bensadoun, Schubert, Lalla, & Keefe, 2006). 

Currently Amifostine is FDA-approved for prophylactic treatment of oral mucositis in 

post-operative head-neck-cancer patients treated with radiotherapy (Antonadou et al., 2002) 

However, significant side-effects such as nausea and hypotension have limited its broader 

clinical use.

The profound role that inflammatory cytokines, such as interleukin-1β (IL-1β), NF-kB, 

and COX-2, play in inducing and potentiating the development of mucositis has made 

them a prime potential therapeutic target. IL-1β, for example, expressed and released by 

intestinal epithelial cells due to DNA damage perturbs the epithelial barrier by disrupting 

tight junction proteins (Kanarek et al., 2014; Kwon, 2016). IL-1 receptor antagonists, such 

as the endogenously produced interleukin-1 receptor antagonist (IL-1RA)(Daig, 2000), has 

been shown to inhibit irinotecan-induced mucosal damage, inflammatory cell infiltration, 

ulceration, and decrease 5-FU-induced intestinal mucosal damage while also expediting 

post-ulcerative healing (Kanarek et al., 2014; Wu et al., 2010, 2011). NF-kB has been 

established as a key component in the development of mucositis, and thus directly inhibiting 

NF-kB or its downstream messengers has been an extensively investigated strategy for 

reducing mucositis in preclinical studies (Chen et al., 2011; Cinausero et al., 2017; Kwon, 

2016). Cyclooxygenase 2 (COX-2), which is involved in the synthesis of prostanoids, 

plays an important role in the amplification of CIM (Dahlgren et al., 2021; Sonis, 2004). 

Interestingly, in preclinical studies, COX-2 inhibition was reported to reduce the histological 

changes induced by 5-FU (de Miranda et al., 2020) and irinotecan (Javle et al., 2007). 

However, the clinical efficacy of COX-2 inhibition in the treatment of intestinal mucositis 

caused by radiation or chemotherapy was limited (Dahlgren et al., 2021; Javle et al., 2007; 

Lalla et al., 2014).

The gastrointestinal tract mucosa and submucosa rely on rapidly dividing stem cells within 

the crypts for renewal and normal physiological function, and therefore preventing apoptosis 
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induced by chemotherapeutics is another well-established pre-clinical strategy to manage 

the development of mucositis. For example, CXCL9 mitigated 5-FU-induced intestinal 

mucositis and mucosal damage by protecting stem/progenitor cells against unregulated 

cell death induced by chemotherapy. CXCL9 treatment not only decreased chemotherapy-

induced apoptosis in intestinal crypts but also increased the proliferation rate of intestinal 

crypts after treatment. Furthermore, administration of CXCL9 raised the therapeutic window 

of 5-FU in treated animals (Han et al., 2011). Likewise, GLP-1 and 2 and their metabolic 

enzyme (DPP-IV) have shown evidence for supporting mucosal regeneration after CIM, in 

part by reducing apoptosis (Boushey et al., 2001; Dahlgren et al., 2021).

Other potentially beneficial, but highly specific and cell restricted treatment targets outside 

of the traditional ROS—inflammatory cytokine— runaway apoptosis pathway have emerged 

in recent literature, such as the G-coupled estrogen receptor (GPER). GPER, which is 

expressed in intestinal crypts, has been reported to exhibit protective effects on intestinal 

architecture during colitis and ischemia by inhibiting inflammation-driven apoptosis of 

crypt cells, particularly during colitis and ischemia (Chai et al., 2019; Wang et al., 

2021). Similarly, during treatment with 5-FU, Chen et al reported that the selective 

GPER agonist, G-1, significantly inhibited weight loss and inflammation-induced mucosal 

damage. Additionally, mucosal barrier function improved as G-1 treatment resulted in 

increased goblet cell density and reduced mucosal permeability due to up-regulation of 

ZO-1 Moreover, G-1 treatment did not alter the antitumor effect of 5-fluorouracil (Chen et 

al., 2021).

In a recent study, it was noted that levels of glutathione (GSH), a potent non-protein thiol 

antioxidant, and GSH/GSSG (glutathione disulfide) ratio (a potential indicator of cellular 

oxidative stress) in the small intestine mucosal tissue decreased compared to controls after 

5-FU treatment. Therefore, modulating GSH synthesis can be explored as an intriguing 

strategy to reduce oxidative stress. Cystine and theanine, which is metabolized to glutamic 

acid in the liver, are essential precursors of GSH. In a recent study, Yoneda, Nishikawa, 

and Kurihara (2021) found that cystine and theanine (CT) administration decreased 5-FU-

induced oxidative stress in the basal region of small intestinal crypts by increasing GSH 

levels and improving the GSH/GSSG ratio. CT-treated mice also exhibited reduced diarrhea 

and weight loss. Importantly CT did not affect the antitumor activity of 5-FU (Yoneda et al., 

2021).

Ultimately, as has been discussed by many publications within the field of CIM, we feel that 

while all of these are individually exciting, progress has been slow and disappointing for a 

single solution to manage CIM effectively without ceasing or interrupting the chemotherapy 

regimen. A combinational therapeutic strategy which targets multiple or all of the individual 

components along the pathological pathway (ROS—Cytokines— Apoptosis) will likely 

yield the most promising clinical benefit (Cinausero et al., 2017; Dahlgren et al., 2021; 

Kwon, 2016; Sonis, 2004).

Akbarali et al. Page 14

Adv Cancer Res. Author manuscript; available in PMC 2023 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. The gut and chemotherapy-induced peripheral neuropathy

Chemotherapy-induced peripheral neuropathy (CIPN) is a frequent and often dose-limiting 

complication of cancer therapy utilizing taxanes (docetaxel or paclitaxel), platinum 

compounds (cisplatin, carboplatin, and oxaliplatin) as well as other drugs such as vincristine, 

and bortezomib. Clinical manifestation of symptoms can vary greatly between patients, 

but often includes all or some of the following: thermal and mechanical hyperalgesia, 

tactile and thermal allodynia, spontaneous pain, paresthesia, dysesthesia as well as a 

variety of cognitive or motor impairments (Sałat, 2020). Currently no treatments exist 

that can reverse CIPN once it has developed, and pharmacological management of these 

neuropathies has been notoriously challenging with approximately 50% of patients being 

resistant to current pain management (Przewlocki & Przewlocka, 2005; Sałat, 2020). Over 

the last several years, rodent models of CIPN have been developed that demonstrate 

many of the neuropathological changes observed in patients undergoing cancer therapy 

as well as typical electrophysiological abnormalities associated with CIPN (Authier et al., 

2009). Pre-clinical studies have shown long-lasting, bilateral neuropathy associated with 

a decrease in the density of peripheral intraepithelial nerve fibers (IENF), a hallmark 

of CIPN, as well as mechanical and cold allodynia utilizing a paclitaxel rodent model 

(Toma et al., 2017). While several explanations have been proposed for the development 

of CIPN, the mechanism(s) of paclitaxel-induced neuropathy and chronic pain are not well 

understood. However, there is growing evidence from animal models that paclitaxel and 

other cancer chemotherapeutic drugs can trigger an inflammatory response characterized 

by the production and release of pro-inflammatory cytokines, such as IL-1β and TNF-α 
(Shen et al., 2017; Vyas et al., 2014). Recent animal studies suggest that these cytokines 

that are released directly and indirectly by activated spinal glial cells within the dorsal 

root ganglia (DRG) are critical for the development of CIPN (Shen et al., 2017). Primary 

sensory afferents of the DRG innervate the intestinal mucosa and studies have recently 

demonstrated that intestinal inflammation and microbial dysbiosis can alter the excitability 

of DRG neurons (Kang et al., 2017; Mischel et al., 2018; Moore et al., 2002; Sessenwein 

et al., 2017). Therefore, inflammation emanating from the gut due to chemotherapy 

treatment might play an important role in the etiology of chemotherapy-induced peripheral 

hypersensitivity. Interestingly, several chemotherapeutic agents that are known to cause 

CIPN also induce gastrointestinal mucositis and perturb the intestinal epithelial barrier. 

Disruption of the epithelial barrier is known to promote dysbiosis of the gut bacteria and 

bacterial translocation across the intestinal epithelium can induce inflammatory responses 

through activation of pattern recognition receptors. For example, pre-clinical studies have 

shown that changes in the gut microbiome can result in loss of epithelial integrity and 

promote an inflammatory response within the colonic wall through activation of Toll-like 

receptors (TLR) on enteric glia cells (Bhave et al., 2017).

A growing body of preclinical evidence has implicated the gut microbiome in 

chemotherapy-induced neuropathic pain (Ramakrishna et al., 2019; Shen et al., 2017). 

Ramakrishna et al. (Ramakrishna et al., 2019) recently reported that fecal microbial 

transplant from healthy donor mice attenuated chemotherapeutic-induced hypersensitivity 

in mice treated with paclitaxel. Additionally, oxaliplatin-induced mechanical hyperalgesia 
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was reduced in germ-free and in antibiotic treated mice and restored by replenishing the 

dysbiotic microbiota (Shen et al., 2017). However, it is unclear how the alterations to 

microbiota, or epithelial barrier result in chemotherapy-induced hyperalgesia.

An important constituent of the commensal microbiome are bacterial species that ferment 

fibers through complex enzymatic pathways and produce short chain fatty acids, acetate, 

propionate, and butyrate (70–140mM) (Venegas et al., 2019). Bonomo et al. (2020) 

recently reported that fecal microbial transplant from lean to obese, insulin-resistant mice 

increased serum butyrate levels. This was associated with reversal of peripheral neuropathy, 

mechanical allodynia, DRG hyperactivity, and transformation of macrophages in the DRG to 

an anti-inflammatory phenotype. Furthermore, butyrate administration decreased leukocyte 

population in the DRG and enhanced desensitization of TRPV1 channels (Bonomo et al., 

2020). The gut epithelium plays a central role in preventing bacterial translocation and 

systemic inflammation. Butyrate is known to improve the integrity of the epithelium and to 

enhance some of the antimicrobial peptides preventing colonization by pathogenic bacteria 

(Schulthess et al., 2019; Zhao et al., 2018). Thus, loss of butyrate-producing commensal 

bacteria by way of direct effect from the chemotherapeutics or by indirectly altering the 

microenvironment may be one possible pathway through which the gut epithelial barrier is 

compromised and excitability of primary afferent neurons is altered to produce peripheral 

hypersensitivity.

7. Conclusion

Chemotherapy-induced gastrointestinal toxicities, including diarrhea and mucositis, are 

major hurdles in cancer treatment. Despite major advances in chemotherapy, treatment 

of gastrointestinal toxicity remains inadequate often resulting in hospitalization, cessation 

of treatment and decrease in quality of life. In this review, we highlighted our current 

understanding of the pathophysiology (Fig. 1) and potential pharmacological approaches 

to treat CID and CIM. An exciting prospect is the potential to approach future treatments 

based on the role the gut microbiome and metabolites may play on epithelial barrier function 

and enteric neurons. Future studies to dissect individual cell type specific responses in 

the gastrointestinal tract to chemotherapeutic agents will provide significant insights for 

treatment of gastrointestinal toxicities.
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Fig. 1. 
A schematic presentation of mechanisms that underlie the chemotherapy-induced 

gastrointestinal toxicity. Chemotherapeutics can alter gut microbiome directly or through 

effects on the epithelial cells. Disruption of the gut barrier results in bacterial translocation 

and an inflammatory response within the lamina propria. This can affect ion channels in 

enteric and extrinsic sensory neurons projecting from the dorsal root ganglia. Inflammation 

also induces increase in epithelial secretions resulting in diarrhea. Injury to DNA of 

intestinal epithelial cells induce apoptosis.

Akbarali et al. Page 27

Adv Cancer Res. Author manuscript; available in PMC 2023 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akbarali et al. Page 28

Table 1

Diarrhea scoring criteria adapted from Common Terminology Criteria for Adverse Events (CTCAE) Version 

5.0 (National Cancer Institute, 2017).

Grade Description

1 Increase of <4 stools per day over baseline

2 4–6 stools per day

3 <7 stools per day, incontinence, hospitalization

4 Life threatening, urgent intervention

5 Death
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Table 2

Drugs associated with high incidence of chemotherapy-induced diarrhea.

Drug class Drug examples Severity (diarrhea grade 1–4)

Topoisomerase inhibitors Irinotecan 16%−22% grade 3–4 (Stein et al., 2010)

Topotecan

Etoposide

Teniposide

Alkylating agents Cyclophosphamide All grades 20% (Boussios et al., 2012; Fraiser et al., 1991; McQuade, Stojanovska, 
et al., 2016; Sang et al., 1997)

Ifosfamide

Melphalan

Busulfan

Carmustine and lomustine

Dacarbazine

Chlorambucil

Melphalan

Mechlorethamine

Small molecules Epidermal growth factor 
inhibitors

All grades 34%−96% (Secombe et al., 2020; Ustaris et al., 2015)

Human epidermal growth 
factor receptor 2 inhibitors 
(neratinib, Lapatinib)

Tyrosine kinase inhibitors

Mitogen-activated protein 
kinase kinase inhibitors

BCR-ABL Kinase inhibitors

Antimetabolites 5-Fluorouracil 80% all grades (Maroun et al., 2007)

Capecitabine

Methotrexate

Mitotic inhibitors Paclitaxel 50% grade 1–2 (Boussios et al., 2012)

Docetaxel

Vinblastine

vincristine

Platinum based agents Cisplatin 70%−80% grade 1–2 (McQuade, Stojanovska, et al., 2016)

Carboplatin

Oxaliplatin

m-TOR inhibitors Everolimus 34% grade 1–2 (Kamp et al., 2013); 1%−4% grade 3 (Stein et al., 2010)

Temsirolimus
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Table 3

Drugs used in the treatment of CID.

Mechanism Side effects

Loperamide Loperamide is a peripherally restricted mu opioid receptor agonist that decreases 
secretion and intestinal motility by decreasing excitability of enteric neurons (Brunton 
et al., 2017; Wadler et al., 1998)

Constipation, nausea, 
vomiting, cardiovascular 
effects

Deodorized tincture 
of opium

Centrally active mu-opioid receptor agonist inhibits gastrointestinal motility (Gershon 
et al., 1994)

CNS effects, tolerance

Octreotide Somatostatin analogue that decreases hormone secretion (e.g., vasoactive intestinal 
polypeptide), reduces motility and pancreatic secretions and promotes absorption 
(Brunton et al., 2017; Deng et al., 2017; Zidan et al., 2001)

Nausea, bloating, hypo 
or hyperglycemia, gallstone 
formation, endocrine, 
cardiovascular and CNS side 
effects

Budesonide Topically active corticosteroid that might restore mucosal function and fluid 
absorption; a 90% first-pass effect in the liver results in low systemic availability 
(Brunton et al., 2017; de Man et al., 2018; Ribeiro et al., 2016)

Endocrine effects

Atropine Inhibition of acetylcholine at muscarinic receptors located at neuromuscular junction 
to inhibit motility (Brunton et al., 2017; Stein et al., 2010)

Cognitive impairment, 
xerostomia, constipation, 
blurred vision, dyspepsia

Antibiotics Broad spectrum antibiotic that targets small intestinal bacterial overgrowth (Boussios 
et al., 2012; Brunton et al., 2017)

Diarrhea, increased risk of C. 
difficile infection

Bile acid 
sequestrants

Prevent water secretion into the colon induced by non-sequestered bile acids (Brunton 
et al., 2017)

Beta-glucuronidase 
inhibitors

Inhibits removal of glucuronic acid moiety by gut commensal bacteria (Bhatt et al., 
2020)
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