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Abstract: Antimicrobial prophylaxis is increasingly being used in patients with hematological ma-
lignancies receiving high-dose chemotherapy and hematopoietic stem cell transplantation (HSCT).
However, few studies have focused on the potential impact of gastrointestinal mucositis (GI-M), a
frequently observed side effect of chemotherapy in patients with cancer that affects the gastrointesti-
nal microenvironment, on drug absorption. In this review, we discuss how chemotherapy leads to an
overall loss of mucosal surface area and consequently to uncontrolled transport across the barrier. The
barrier function is depending on intestinal luminal pH, intestinal motility, and diet. Another factor
contributing to drug absorption is the gut microbiota, as it modulates the bioavailability of orally
administrated drugs by altering the gastrointestinal properties. To better understand the complex
interplay of factors in GI-M and drug absorption we suggest: (i) the longitudinal characterization of
the impact of GI-M severity on drug exposure in patients, (ii) the development of tools to predict
drug absorption, and (iii) strategies that allow the support of the gut microbiota. These studies will
provide relevant data to better design strategies to reduce the severity and impact of GI-M in patients
with cancer.

Keywords: cancer; chemotherapy; gastrointestinal mucositis; antibiotics; gut microbiota; drug phar-
macokinetics

1. Introduction

Despite significant advances in the development of novel anti-cancer agents, chemother-
apy remains the backbone of effective cancer control [1,2]. While highly effective, its use
remains challenged by adverse complications, particularly when used in high doses [3,4].
High-dose chemotherapy is most frequently used to treat hematological malignancies,
compromising the host’s immune cells prior to receiving a hematopoietic stem cell trans-
plant (HSCT) [5,6]. Due to the severity of immunosuppression induced by this treatment,
bloodstream infection is a common and potentially lethal complication. Approximately
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20% of patients with hematopoietic malignancies for whom high dose chemotherapy is
routinely used prior to HSCT develop bacteremia either as a result of exogenous con-
tamination or the expansion and subsequent translocation of enteric pathogens across a
compromised intestinal barrier [5–8]. In order to overcome these risks, anti-infective agents,
including antibiotics, antivirals, and antifungals, are routinely used to control infection risk
in vulnerable patient cohorts [9].

The efficacy of anti-infective agents relies on optimal intestinal function including
absorption, transport, and metabolism [10]. However, due to the non-selective nature of
chemotherapeutic compounds, healthy cells from the intestinal epithelium are targeted
resulting in irreversible DNA damage and apoptotic cell death [11]. Consequently, the
destruction of intestinal villi and the inability to rapidly repair the epithelial barrier during
chemotherapy results in gastrointestinal mucositis (GI-M) [11–13]. GI-M is characterized
by inflammation of the intestinal mucosa lining the gastrointestinal (GI) tract that leads
to structural, functional, and immunological changes in the GI microenvironment [13].
Chemotherapeutic agents, commonly responsible for GI-M, are alkylating agents (busulfan,
cyclophosphamide, cisplatin, melphalan), antimetabolites (5-fluouracil, methotrexate),
topoisomerase I inhibitors (irinotecan), among others [14,15]. The exact mechanism of
action of these agents and their corresponding impact on intestinal permeability are listed
in Table 1. As these agents are often given in combination (e.g., FEC and FOLFOX), their
toxicity is usually increased, which may worsen GI-M symptoms. Clinically, GI-M presents
as ulcerative lesions, with associated abdominal pain, anorexia, and malnutrition [16].
In severe cases, GI-M can negatively impact anti-cancer therapy as often chemotherapy
regimens have to be interrupted, which affects the treatment efficacy [7,17]. Although the
incidence depends on the type of therapy and its dose, it has been estimated that close to
100% of people undergoing high-dose chemotherapy will experience GI-M [16,18–20].

Table 1. Most common anti-cancer agents used during chemotherapy and impact on the gastrointestinal tract.

Class of Agent Chemotherapeutic
Agent Mechanism of Action Gastrointestinal

Toxicity Intestinal Permeability

Alkylating
agents [14]

Busulfan [21]
Cyclophosphamide
[22]
Cisplatin [23]
Melphalan [24]

Cross-link between
DNA/RNA strands

Mucosal ulceration
↑* Cell loss
↓# Villus height
↑ Infiltrations
[25,26]

Barrier disruption
Bacterial translocation
↑ Permeability of the intestine
(rats) [26]

Antimetabolites
5-Fluouracil [27,28]
Methotrexate [29]
Gemcitabine [30]

5-FU conversion to
fluorouridine
monophosphate (FUMP)
Competitive inhibition of
dihydrofolate reductase via
displacement of
dihydrofolate
Incorporation of
pyramidine analog into
DNA

↑Inflammation
↑Crypt apoptosis
↑Villus atrophy
↑Increased risk of
infection [31–33]

↑ Ratio of crypt cells to villous
enterocytes
↑ Intestinal permeability
(associated with reduced
Zonula Occludens-1
expression in rats) [34]
Bacterial translocation [35,36]

Topoisomerase I
inhibitor

Irinotecan
hydrochloride [37]

Inhibition of the DNA
enzyme topoisomerase I

↑ Villus atrophy
Crypt ablation
Goblet cell
metaplasia
↑Inflammation [19]

↓ Intestinal barrier function
↑ Intestinal permeability
[38,39]

FEC
Fluorouracil,
Epirubicin, and
Cyclophosphamide

5-FU conversion to
fluorouridine
monophosphate (FUMP) +
cross-link between
DNA/RNA strands

↑ Paracellular
permeability
↓ Intestinal barrier
function [40]

↓ Glucagon-like peptide-2
circulating concentrations
Mucosal ulcerations
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Table 1. Cont.

Class of Agent Chemotherapeutic
Agent Mechanism of Action Gastrointestinal

Toxicity Intestinal Permeability

FOLFOX 5-FU, leucovorin, and
oxaliplatin

5-FU conversion to
fluorouridine
monophosphate (FUMP) +
inhibits the synthesis of
deoxyribonucleic acid
(DNA)

↑Inflammation
↑Crypt apoptosis
↑Villus atrophy
↑Increased risk of
infection [31–33]

↑ Ratio of crypt cells to villous
enterocytes
↑ Permeability of the intestine
(rats) [34]
↑ Intestinal permeability
(associated with reduced
Zonula Occludens-1
expression in rats)
Bacterial translocation [35,36]

* ↑Increased; # ↓decrease.

GI-M pathobiology is currently proposed to involve five dynamic and overlapping
phases [7,19,41–43]. Briefly, in the initiation phase, the penetration of chemotherapeu-
tic agents from the submucosal blood supply induces direct DNA damage to the basal-
epithelial cells, causing cellular stress and apoptosis. Consequently, the injured cells activate
a variety of stress mechanisms which leads to the generation of reactive oxygen species
as well as the release of pro-inflammatory cytokines. In the upregulation phase, these
molecules act as highly effective secondary messengers and activate stress mechanisms in
several mucosal-associated cells such as endothelial cells and macrophages. In turn, these
cells respond by releasing a storm of pro-inflammatory cytokines, such as tumor-necrosis
factor-α (TNF-α) and interleukin 1β (IL-1β), exacerbating tissue injury. During the third
phase (signal amplification), the signaling mechanisms participate in a positive feedback
loop whereby the original damage signals are amplified, thereby triggering the loss of
self-renewal capabilities of epithelial stem cells and intensifying the state of inflammation.
As a result, progression to the fourth stage (ulceration) commences whereby the integrity of
epithelium is severely compromised, and frank ulceration occurs. It is in this stage that the
symptoms and secondary complications of GI-M, including bacteremia, arise. Lastly, upon
halting the chemotherapeutic intervention in the fifth stage, the mucosal barrier begins
to spontaneously heal, inflammation subsides, and the mucosal barrier integrity begins
to recover [19,41–43]. Ultimately, the profound epithelial damage observed during GI-M
hampers one of the most important intestinal functions—the absorption of nutrients, and
potentially drugs, across the GI tract.

The rate and degree of absorption of an orally administrated drug depend on several
factors, including molecular size, solubility, degree of lipophilicity, and stability of the
drug [10]. Together, these factors can have a great impact on the drug bioavailability and
its transport across the absorptive epithelia [10]. Additionally, factors such as intestinal
surface area, pH, blood flow, and intestinal motility can equally affect the absorption of
a drug [44–46]. During chemotherapy, changes in the gastrointestinal microenvironment
resulting from GI-M may therefore impact the key structures and functions required for
drug absorption at multiple levels, thus resulting in alterations in systemic drug loads and
efficacy [47].

Taken together, the complexity of the situation becomes clear: people with cancer
are administered life-saving antimicrobials with no understanding of how GI-M impacts
their bioavailability and thus efficacy. Despite this clinical paradox, few studies have been
performed to understand whether such profound changes in the GI environment affect the
absorption and efficacy of anti-infective therapies in the context of cancer treatment. In this
review, we discuss how factors such as intestinal permeability, intestinal pH, and alterations
in the composition of the gut microbiota may affect the absorption of anti-infective drugs.
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2. Physiological Factors Contributing to Impaired Intestinal Absorption
during Chemotherapy

The GI system is highly dynamic and organized, responsible for (i) separating the in-
ternal milieu of the outside environment and, (ii) digesting and absorbing nutrients [48,49].
Similar to nutrients, many orally-administrated drugs are also absorbed and metabolized
in different parts of the GI tract (e.g., small intestine) [48]. For optimal absorption of drugs
during chemotherapy, several assumptions are made about the GI microenvironment:
(1) the intestinal architecture supports drug absorption, (2) factors such as intestinal pH
and motility remain unaltered and thereby do not affect the bioavailability, activity, and
toxicity of drugs, and (3) the gut microbiota remains unperturbed [50]. These assumptions
are particularly relevant during GI-M as the GI environment is severely damaged. Figure 1
shows a graphical representation of proposed pathobiological aspects of GI-M contributing
to changes in drug absorption.
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Figure 1. Proposed pathobiological aspects of GI-M contributing to changes in drug absorption. In a state of homeostasis,
the combination of a balanced microbiota, tight junction formation, and balanced immune protection/tolerance mech-
anisms contribute to an optimal physiological function of the intestinal barrier, resulting in normal nutrient and drug
absorption. The gastrointestinal microenvironment can be disturbed by external insults such as chemotherapy, leading to
increased inflammation and consequently barrier disruption. This ultimately results in the disruption of the gut microbiota,
alterations in gastric/intestinal pH, alterations of intestinal motility, and bacterial translocation. Together, these altered
physiological/morphological functions potentially impair drug absorption. Figure created with Biorender.com.
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2.1. Gastrointestinal Mucositis and Barrier Function

Intestinal atrophy and consequently impaired intestinal function are well-documented
phenomena during GI-M [1,42,51–53]. This is supported by numerous studies showing
that reduced citrulline levels (a non-essential amino acid synthesized by small bowel ente-
rocytes and validated biomarker of GI-M) are associated with loss of enterocyte mass and
consequently to a reduced mucosal surface area [54,55]. Reduced citrulline levels have also
been associated with clinical observations of acute intestinal atrophy, undoubtedly suggest-
ing that intestinal atrophy is linked to more severe clinical outcomes during GI-M [54,55].
As the intestinal villi are profoundly affected during GI-M, not only is the cumulative
surface area of the small intestinal decreased, but also the activity of brush border enzymes.
Brush-border enzymes are responsible for breaking down organic matter into absorbable
molecules, and when damaged by chemotherapy, result in malabsorption [10,13]. In fact,
Kuchay et al. 2015 showed that a single dose of 5-fluoruracil chemotherapy in rats is
enough to cause a significant reduction in the activity of brush-border enzymes such as
alkaline phosphatase, sucrase, and lactase, a result that needs to be reproduced in hu-
mans [56]. Ultimately, this demonstrates how chemotherapeutic drugs can negatively
impact the normal architecture of the intestinal lining, consequently leading to an overall
reduced capacity to absorb orally administered (antimicrobial) drugs.

In line with a reduction in surface area, the intestinal barrier is severely impacted
during GI-M. The intestinal barrier is formed and maintained through the action of tight
junctions, multi-protein complexes that partially contribute to maintain the intravascular
volume and regulate the flux between vessels and organ parenchyma [57,58]. It is well
documented that intestinal permeability is increased during GI-M, driven by proteolytic
loss and internalization of key tight-junction proteins which render them ineffective [58–61].
Importantly, when the intestinal barrier is compromised, there is uncontrolled transit
across the intestinal mucosa/epithelium. Given the sensitivity and degree by which
the paracellular pathway is controlled in the intestine, this creates a very non-selective
environment, potentially allowing orally administered compounds to cross into circulation
with less resistance. This, in turn, could result in profound alterations in pharmacokinetic
parameters including absorption, bioavailability, and organ distribution of drugs. More
recently, other variables such as intestinal motility, luminal pH, and diet were suggested to
contribute to impaired intestinal barrier function [38,62,63]. As such, an understanding of
these variables is essential to understand their role in intestinal absorption.

2.2. Intestinal Motility, Luminal pH and Diet

Disturbances in the GI motility, frequently defined as diarrhea or constipation, are
estimated to affect approximately 50–80% of cancer patients depending on the chemother-
apy regimen [64]. Although diarrhea and constipation are well-recognized side-effects
of anti-cancer treatment, very little research has been focused on their impact on intesti-
nal absorption, particularly on drug absorption [64]. Animal studies have shown that
destruction of the crypts of the small intestine by chemotherapeutic drugs resulted in
metaplasia of goblet cells and excessive mucous secretion [64–66]. This, in turn, leads to
a decreased absorptive capacity of the villi, thereby contributing to increased diarrhea
and altered absorption [58,67]. Whilst diarrhea is considered to be largely the result of
malabsorptive mechanisms (due to mucosal atrophy), evidence also suggests it is driven
by hyper-motility in the gut [68]. In this case, there is a significant reduction in intestinal
transit time, thus decreasing the exposure of orally administered drugs to the mucosa,
thereby decreasing their bioavailability. This has been well documented in a review by
Effingera et al. (2018). On the contrary, the frequent use of opioids in cancer patients
may delay gastric emptying considerably, which may lead to an increased exposure of
intestinal epithelial to drugs, possibly altering systemic drug concentrations [44–46,69].
Although evidence has suggested that alterations in intestinal motility may profoundly
impact intestinal absorption, no studies have been yet performed in the setting of GI-M.
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The release and absorption of many orally administrated drugs may also depend on
the pH of the different sites of the GI tract. Although no evidence demonstrates consis-
tent alterations of intestinal luminal pH during GI-M, anecdotal evidence suggests a shift
towards a more alkaline environment due to decreases in bacterial metabolites, namely
short-chain fatty acids (SCFA). SCFA are produced by commensal microbes in the gut and
serve to (i) support epithelial growth and homeostasis and (ii) acidify the luminal environ-
ment to control enteric pathogens/pathobionts. It is well documented that the abundance
of SCFA-producing microbes is decreased during GI-M, and decreases in SCFA have also
been identified [35,51]. As such, it is likely that the luminal environment is more alkaline
during GI-M, which may interfere with optimal drug dynamics. Such an alkaline environ-
ment was shown, for example, to decrease the bioavailability of posaconazole, which may
hinder its efficacy [70]. Several clinical studies have reported pH-related changes in drug
absorption observed in the setting of inflammatory bowel diseases (IBD) [71]. In a study
by Fallingborg et al. (1993), six patients with active ulcerative colitis showed extremely
acidic proximal colonic pH (ranging from 2.3 to 3.4) [62]. Similar results were observed
by Sasaki et al. (1999) in four patients with Crohn’s disease, in which three presented
lower right (pH 5.3) and left (pH 5.3) colonic luminal pH values, compared to normal
controls (pH 6.8) [63]. Interestingly, the pH profiles in the proximal small intestine in twelve
volunteers with IBD showed no significant differences compared to controls [71]. Unlike
IBD patients where inflammation is usually lower in the GI tract, GI-M patients may suffer
inflammation in the proximal small intestine. As a lower luminal pH is associated with
intestinal structural changes, these results may suggest that luminal pH affects intestinal
absorption and the correct delivery of different drug formulations [45,63].

Given the impact of diet on the GI microenvironment and the strong evidence that
demonstrates altered dietary habits during GI-M, it is also critical that its influence on
drug bioavailability be explored [72]. Diet plays a crucial role in intestine homeostasis,
influencing digestion, the composition of the gut microbiota, and the function of the intesti-
nal barrier [73]. For example, a high-fat diet can stimulate bile secretion, which interferes
with the epithelial membrane and changes its permeability, thus increasing paracellular
transport inclination and absorption [73]. On the other hand, a high-protein diet can inhibit
specific intestinal amino/peptide transporters responsible for drug absorption, but also
stimulate intestinal transporter systems and hepatic enzyme activity [69]. Studies have
shown that the diet can also influence the absorption rate of orally administrated drugs [69].
For example, a full meal can increase the bioavailability of itraconazole, a frequently used
antifungal agent, to a more significant extent than a light meal, while the intake of a
high-protein diet can decrease the absorption of β-lactam drugs such as cephalexin and
cefadroxil [74]. Interestingly, no differences in posaconazole exposure (tablets or capsule
formulations) were observed between fed and fasted conditions in a study with 30 healthy
volunteers [75]. In the context of high-dose chemotherapy, oral intake is severely decreased
due to pain, nausea, and oral mucositis. This requires nutritional intervention, either
in the form of enteral or parenteral nutrition. These approaches undoubtedly affect the
microenvironment of the GI tract, however, have not been adequately explored for their
potential to impact the bioavailability of orally administered drugs [76].

2.3. The Gut Microbiota

A growing body of research has suggested the fundamental role of the gut microbiota
in the maintenance of intestinal homeostasis and gut resilience during chemotherapy [77,78].
Intestinal homeostasis is promoted in part by the secretion of microbial compounds by
commensal bacteria that tightly control the multi-directional crosstalk of the gut microbiota,
intestinal epithelia, and immune cells. Particularly, specific commensal bacteria are capable
of suppressing inflammatory pathways, including the NF-κB pathway, and to induce the
production of anti-inflammatory cytokines such as interleukin (IL)-10 [51,79]. Additionally,
commensal bacteria also play an important role as regulators of intestinal permeability [51].
For example, bifidobacteria and lactobacilli have been shown to increase tight junction for-
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mation, which possibly contributes to normal intestinal barrier function [51]. Short-chain
fatty acids, especially butyrate produced by bacteria such as Faecalibacterium prausnitzii and
Roseburia spp., have been proposed to regulate intestinal permeability due to their ability
to modulate epithelial cell viability [51,80]. Increased evidence has recognized the role of
the gut microbiota on GI-M pathobiology, with alterations in the composition coinciding
with the development of severe symptomology. Clinically, studies have reported that
during GI-M a significant reduction in anaerobic bacteria (e.g., Bacteroides, Lachnospiraceae
(formally called Clostridium cluster XIVa, F. prausnitzii, and Bifidobacterium) and an increase
in Enterococcus spp. occurs. [16,51,81]. It is therefore not surprising that the reduction of
commensal bacteria during the severe stages of GI-M may explain the increased intestinal
permeability as a result of the exacerbated inflammatory responses, later contributing to
malabsorption.

Evidence has shown that the gut microbiota can directly influence the bioavail-
ability of oral drugs by affecting their metabolism, first-pass-effect, and enterohepatic
metabolism [82]. This drug–gut microbiota effect is bidirectional as some drugs, including
antibiotics, profoundly alter the composition of the gut microbiota. For example, Gu et al.
(2020) investigated the short-term consequences of fluoroquinolone (levofloxacin) and
β-lactam antibiotics (cefoperazone/sulbactam, and aztreonam) on the gut microbiota of
mice [82]. In their study, the authors concluded that a 4-day treatment with β-lactams
resulted in a significant reduction in butyrate-producing bacteria (Roseburia, Lachnospiraceae,
and Oscillospiraceae (formally called Ruminococcaceae) and other beneficial taxa (Blautia and
Bifidobacterium) [82]. Sulfasalazines (SSZ) are widely used to treat patients with IBD and
rheumatoid arthritis. After oral administration, only 12% of SSZ was absorbed in the
stomach and small intestine with the remaining drug being reduced by the gut microbiota
to release 5-aminosalicylic acid (5-ASA), which is pharmacologically active. Therefore, as
this drug should reach the colon to reduce intestinal inflammation, its bioavailability is
profoundly influenced by the gut microbiota [83].

In the past few years, a new focus has been given to the impact of the gut microbiota
on chemotherapy efficacy and toxicity [78,84,85]. In fact, several studies have shown
that the efficacy of various conventional chemotherapeutics can be influenced by some
specific microbiota. In a colon cancer mouse model, the intestinal enterobacteria were
shown to influence the metabolism of the chemotherapeutic drug gemcitabine [84]. Similar
results were observed by Iida et al. (2013) as the efficacy of oxaliplatin was attenuated
in germ-free mice due to reduced intra-tumor reactive oxygen species generation [86].
Ultimately, these data explain the interactions between the gut microbiota and the host
and how the process of tumorigenesis, as well as the efficacy of cancer treatment, are
affected. Such interactions are well described in a “TIMER” mechanistic framework
proposed by Alexander et al. (2017) [78]. Accordingly, the gut microbiota can modulate the
efficacy of chemotherapeutic agents such as irinotecan, 5-FU, and methotrexate via TIMER:
translocation, immunomodulation, metabolism, enzymatic degradation, and reduced
diversity [78].

Antibiotics are able to profoundly alter the composition of the gut microbiota, which
in turn, may positively or negatively affect the efficacy of cancer therapy [87]. These
complex interactions were previously shown in patients with gastric cancer [87,88]. In fact,
eradication of Helicobacter pylori with amoxicillin and clarithromycin in patients with early
gastric cancer was associated with improvements in the grade of glandular atrophy at the
corpus [88]. Ultimately, these results suggest that the modulation of the gut microbiota may
influence not only the treatment outcome but also inflammation and carcinogenesis. As
such, modulating the gut microbiota seems to be a promising strategy to restore intestinal
homeostasis and therefore to optimize anti-cancer treatment.

3. The Effects of Gastrointestinal Mucositis on Drug Absorption

As previously discussed, several GI-M-related factors can potentially influence drug
absorption [89–93]. However, the study of the impact of GI-M on drug absorption still
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remains a challenge, with only a few studies focused on a limited number of antimicrobial
agents. In a cohort of 250 patients with haematological malignancies, of which 56 developed
GI-M, Kovanda et al. (2017) concluded that mucositis had no influence on the bioavailability
of isavuconazole (98.3% vs. 99.8%, non-mucositis vs. mucositis) [93]. The bioavailability of
ciprofloxacin was previously studied, with different outcomes being reported. Gattis et al.
(1997) observed no differences in exposure (at least not within 24 h after administration)
between chemotherapy-induced grade I and II GI-M patients and healthy volunteers.
In contrast, Johnson et al. (1990) showed an overall reduction in plasma ciprofloxacin
concentrations (3.7 mg/L at 2–3 days post administration vs. 2 mg/L, 13 days after
administration) in six patients diagnosed with GI-M [93,94]. Vanstraelen et al. (2016)
investigated the pharmacokinetics of posaconazole dosing regimen in HSCT patients
undergoing myeloablative or nonmyeloablative conditioning and found no clear correlation
between plasma citrulline and plasma posaconazole [95].

Although insightful, these studies present several limitations, including their de-
sign and small sample size. As such, it becomes necessary to first perform high-quality
studies in patients to better investigate and characterize the exposure of different orally
administrated antimicrobial drugs. It is clearly not possible to predict the pattern of drug
(mal)absorption for all drugs administrated to people undergoing intensive cancer ther-
apy [46]. This demonstrates the need to develop models able to assess all physiological
factors that contribute to drug absorption. A very insightful ex vivo model, increasingly
used in several fields, is the Ussing chamber [96]. This new technique can be used to study
bidirectional transepithelial drug transport in combination with intestinal metabolism.
Moreover, the ability of the Ussing chamber to measure permeability quantitively makes
it a useful tool to investigate how alterations in the intestinal architecture can impact
drug availability [96]. Other in vitro systems such as gut-on-a-chip have been increas-
ingly recognized for their controlled biochemical microenvironment thus supporting drug
pharmacokinetic research [97].

More recently, a new mathematical modeling technique for predicting absorption,
distribution, metabolism, and excretion of drugs has been developed. This is known as
physiologically-based pharmacokinetics (PBPK) modeling [96]. This technique provides
not only mechanistic insight into the physiologic and anatomic features of a drug, but
also incorporates physiological variables of the host that may interfere with the efficacy
of the drug [96]. The use of this modeling technique has been recently recommended by
Pilmis et al. (2020) as they suggest that integration of PBPK modeling would be essential
to interpret the impact of an orally administrated antibiotic on the different sites of the
intestine and also on the gut microbiota [98]. The authors explain that along the GI tract,
antibiotics are absorbed in a different manner, which suggests that if a drug is almost
entirely absorbed in the small intestine, only a small portion will reach the distal digestive
tract, resulting in a potentially high risk of infection [98]. Importantly, when combined with
emerging epithelial modeling tools such as gut-on-a-chip, PBPK modeling can provide
crucial information on drug absorption in the intestine [99].

These drug-absorption prediction techniques have not been yet applied in the study
of the impact of GI-M in drug absorption. Therefore, before such techniques should be
applied in the field, an effort should be made to design clinical longitudinal studies in
people with varying degrees of GI-M to understand the dynamics of drug bioavailability
during this common complication of cancer therapy. This will ultimately allow the delivery
of a more personalized antimicrobial treatment to people with cancer, resulting in better
infection control. It could even be argued that in the context of severe mucosal breakdown
during GI-M, the transport of orally administered drugs into systemic circulation may
in fact be increased. As such, restricted dosing of some antibiotics could be adopted in
concerted stewardship initiatives to decrease rates of resistance.



Biomedicines 2021, 9, 1389 9 of 13

4. Where Do We Go from Here?

Currently, the impact of GI-M on drug exposure is poorly understood. This is particu-
larly concerning for cancer patients as they depend on anti-infectives to prevent potentially
life-threatening infections. As such, efforts should be carried out to better understand the
mechanisms that underpin drug absorption during GI-M. First, different clinical studies
should be performed to assess the absorption of anti-infective drugs. These studies should
include homogeneous cohorts and take into account variables including age, ethnicity,
treatment modality, and genetic variants, as they may influence the drug’s bioavailability
and efficacy. After the inclusion of more homogeneous groups, we recommend the deter-
mination of the plasma concentration of short half-life drugs (e.g., ciprofloxacin) in patients
diagnosed with GI-M receiving chemotherapy. This will not only allow to determine the
area under the concentration-time curve (AUC) but also possible associations between drug
exposure and other patient-related factors. To investigate possible correlations between
drug exposure and mucositis severity, we recommend the measurement of biomarkers of
mucositis such as citrulline in patients’ blood plasma.

Secondly, we suggest that these clinical studies could be combined with the ex vivo
and mathematical models previously discussed. The use of simple intestinal cell models
cells (e.g., T84 and Caco-2) or more complex intestinal sections from rodents could provide
crucial information including transepithelial drug transport, intestinal metabolism, and
the regional differences in intestinal absorption. Moreover, as different tissues can be
mounted in the Ussing chamber, human tissue derived from mucositis patients could be
used to measure paracellular flux across the epithelium using fluorescent probes. This
could provide real-time mechanistic insights into the impact of mucositis on drug transport
across the epithelial barrier.

Lastly, restoring the gut microbiota homeostasis could potentially influence both
tumorigenesis and consequently GI-M development. Therefore, we recommend the investi-
gation of approaches such as probiotics, prebiotics, and fecal microbiota transplantation in
the patients undergoing chemotherapy. Probiotic administration, for example, could restore
microbial dysbiosis and maintain intestinal microbial balance by enhancing the gut barrier
function and preventing colonization of pathogenic bacteria. Altogether, these clinical
studies, in combination with innovative systems could provide us crucial information on
drug exposure during different stages of GI-M. Unraveling the mechanisms beyond drug
exposure of different anti-infectives used prophylactically during chemotherapy would
help us to offer a better quality of life to cancer patients.

5. Conclusions

To date, the impact of GI-M on drug absorption has only been superficially addressed,
with contradictory results. Here, we addressed the potential impact of GI changes on the
absorption of drugs and reviewed the scarce literature studying this relationship. Given the
lack of data, we recommend clinical studies to provide a direct correlation between GI-M
pathobiology and drug exposure. Furthermore, we suggest the use of mathematical tools,
intestinal cell and ex vivo models to study in detail the mechanisms underlying intestinal
absorption.

Author Contributions: Conceptualization, A.R.d.S.F., A.d.B. and H.J.M.H.; writing—original draft
preparation, A.d.B., A.R.d.S.F. and A.-G.M.; writing—review and editing, A.R.d.S.F., A.d.B., A.-G.M.,
H.R.W., H.J.M.H., J.-W.A. and W.J.E.T.; visualization, A.R.d.S.F. and A.-G.M.; supervision, H.J.M.H.
and W.J.E.T.; funding acquisition, H.J.M.H. and W.J.E.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Marie Skłodowska Curie COFUND PhD Program (Grant
agreement 713660) and NHMRC CJ Martin Biomedical Research Fellowship (APP114092, Australia).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Biomedicines 2021, 9, 1389 10 of 13

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sonis, S.T. The pathobiology of mucositis. Nat. Rev. Cancer. 2004, 4, 277–284. [CrossRef]
2. Wardill, H.R.; Van Sebille, Y.Z.A.; Ciorba, M.A.; Bowen, J.M. Prophylactic probiotics for cancer therapy-induced diarrhoea: A

meta-analysis. Curr. Opin. Support. Palliat. Care 2018, 12, 187–197. [CrossRef]
3. Welch, H.G.; Schwartz, L.M.; Woloshin, S. Are increasing 5-year survival rates evidence of success against cancer? J. Am. Med.

Assoc. 2000, 283, 2975–2978. [CrossRef] [PubMed]
4. Arnold, M.; Rutherford, M.J.; Bardot, A.; Ferlay, J.; Andersson, T.M.L.; Myklebust, T.Å.; Tervonen, H.; Thursfield, V.; Ransom,

D.; Shack, L.; et al. Progress in cancer survival, mortality, and incidence in seven high-income countries 1995–2014 (ICBP
SURVMARK-2): A population-based study. Lancet Oncol. 2019, 20, 1493–1505. [CrossRef]

5. Piñana, J.L.; Montesinos, P.; Martino, R.; Vazquez, L.; Rovira, M.; López, J.; Batlle, M.; Figuera, Á.; Barba, P.; Lahuerta, J.J.; et al.
Incidence, risk factors, and outcome of bacteremia following autologous hematopoietic stem cell transplantation in 720 adult
patients. Ann. Hematol. 2014, 93, 299–307. [CrossRef] [PubMed]

6. Taur, Y.; Xavier, J.B.; Lipuma, L.; Ubeda, C.; Goldberg, J.; Gobourne, A.; Lee, Y.J.; Dubin, K.A.; Socci, N.D.; Viale, A.; et al. Intestinal
domination and the risk of bacteremia in patients undergoing allogeneic hematopoietic stem cell transplantation. Clin. Infect. Dis.
2012, 55, 905–914. [CrossRef] [PubMed]

7. Sonis, S.T. Pathobiology of mucositis. Semin. Oncol. Nurs. 2004, 20, 11–15. [CrossRef] [PubMed]
8. Cario, E. Toll-like receptors in the pathogenesis of chemotherapy-induced gastrointestinal toxicity. Curr. Opin. Support. Palliat.

Care 2016, 10, 157–164. [CrossRef]
9. Gafter-Gvili, A.; Fraser, A.; Paul, M.; Leibovici, L. Meta-analysis: Antibiotic prophylaxis reduces mortality in neutropenic patients.

Ann. Intern. Med. 2005, 142, 979–995. [CrossRef] [PubMed]
10. Dahlgren, D.; Lennernäs, H. Intestinal permeability and drug absorption: Predictive experimental, computational and in vivo

approaches. Pharmaceutics 2019, 11, 411. [CrossRef]
11. Basile, D.; Di Nardo, P.; Corvaja, C.; Garattini, S.K.; Pelizzari, G.; Lisanti, C.; Bortot, L.; Da Ros, L.; Bartoletti, M.; Borghi, M.; et al.

Mucosal injury during anti-cancer treatment: From pathobiology to bedside. Cancers 2019, 11, 857. [CrossRef]
12. Elting, L.S.; Cooksley, C.; Chambers, M.; Cantor, S.B.; Manzullo, E.; Rubenstein, E.B. The burdens of cancer therapy: Clinical and

economic outcomes of chemotherapy-induced mucositis. Cancer 2003, 98, 1531–1539. [CrossRef]
13. Sougiannis, A.T.; VanderVeen, B.N.; Davis, J.M.; Fan, D.; Murphy, E.A. Understanding chemotherapy-induced intestinal mucositis

and strategies to improve gut resilience. Am. J. Physiol. Liver Physiol. 2021, 320, G712–G719. [CrossRef]
14. Naidu, M.U.R.; Ramana, G.V.; Rani, P.U.; Mohan, I.K.; Suman, A.; Roy, P. Chemotherapy-induced and/or radiation therapy-

induced oral mucositis–complicating the treatment of cancer. Neoplasia 2004, 6, 423–431. [CrossRef] [PubMed]
15. Wadleigh, R.G.; Redman, R.S.; Graham, M.L.; Krasnow, S.H.; Anderson, A.; Cohen, M.H. Vitamin E in the treatment of

chemotherapy-induced mucositis. Am. J. Med. 1992, 92, 481–484. [CrossRef]
16. Touchefeu, Y.; Montassier, E.; Nieman, K.; Gastinne, T.; Potel, G.; Bruley Des Varannes, S.; Le Vacon, F.; De La Cochetière, M.F.

Systematic review: The role of the gut microbiota in chemotherapy- or radiation-induced gastrointestinal mucositis—Current
evidence and potential clinical applications. Aliment. Pharmacol. Ther. 2014, 40, 409–421. [CrossRef] [PubMed]

17. Sonis, S.; Elting, L.; Keefe, D.; Peterson, D.; Schubert, M.; Hauer-Jensen, M.; Bekele, B.; Raber-Durlacher, J.; Donnelly, J.; Rubenstein,
E. Perspectives on cancer therapy-induced mucosal injury. Cancer 2004, 100, 1995–2025. [CrossRef] [PubMed]

18. Carlotto, A.; Hogsett, V.L.; Maiorini, E.M.; Razulis, J.G.; Sonis, S.T. The economic burden of toxicities associated with cancer
treatment: Review of the literature and analysis of nausea and vomiting, diarrhoea, oral mucositis and fatigue. Pharmacoeconomics
2013, 31, 753–766. [CrossRef] [PubMed]

19. Bowen, J.; Al-Dasooqi, N.; Bossi, P.; Wardill, H.; Van Sebille, Y.; Al-Azri, A.; Bateman, E.; Correa, M.E.; Raber-Durlacher, J.;
Kandwal, A.; et al. The pathogenesis of mucositis: Updated perspectives and emerging targets. Support. Care Cancer 2019, 27,
4023–4033. [CrossRef] [PubMed]

20. Cinausero, M.; Aprile, G.; Ermacora, P.; Basile, D.; Vitale, M.G.; Fanotto, V.; Parisi, G.; Calvetti, L.; Sonis, S.T. New frontiers in the
pathobiology and treatment of cancer regimen-related mucosal injury. Front. Pharmacol. 2017, 8, 354. [CrossRef] [PubMed]

21. Galaup, A.; Paci, A. Pharmacology of dimethanesulfonate alkylating agents: Busulfan and treosulfan. Expert Opin. Drug Metab.
Toxicol. 2013, 9, 333–347. [CrossRef] [PubMed]

22. Voelcker, G. The Mechanism of Action of Cyclophosphamide and Its Consequences for the Development of a New Generation of
Oxazaphosphorine Cytostatics. Sci. Pharm. 2020, 88, 42. [CrossRef]

23. Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 2014, 740, 364–378.
[CrossRef] [PubMed]

24. Ehrsson, H.; Eksborg, S.; Österborg, A.; Mellstedt, H.; Lindfors, A. Oral melphalan pharmacokinetics—Relation to dose in patients
with multiple myeloma. Med. Oncol. Tumor Pharmacother. 1989, 6, 151–154. [CrossRef] [PubMed]

25. Ecknauer, R.; Löhrs, U. The effect of a single dose of cyclophosphamide on the jejunum of specified pathogenfree and germfree
rats. Digestion 1976, 14, 269–280. [CrossRef] [PubMed]

http://doi.org/10.1038/nrc1318
http://doi.org/10.1097/SPC.0000000000000338
http://doi.org/10.1001/jama.283.22.2975
http://www.ncbi.nlm.nih.gov/pubmed/10865276
http://doi.org/10.1016/S1470-2045(19)30456-5
http://doi.org/10.1007/s00277-013-1872-4
http://www.ncbi.nlm.nih.gov/pubmed/23995612
http://doi.org/10.1093/cid/cis580
http://www.ncbi.nlm.nih.gov/pubmed/22718773
http://doi.org/10.1053/j.soncn.2003.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15038512
http://doi.org/10.1097/SPC.0000000000000202
http://doi.org/10.7326/0003-4819-142-12_Part_1-200506210-00008
http://www.ncbi.nlm.nih.gov/pubmed/15968013
http://doi.org/10.3390/pharmaceutics11080411
http://doi.org/10.3390/cancers11060857
http://doi.org/10.1002/cncr.11671
http://doi.org/10.1152/ajpgi.00380.2020
http://doi.org/10.1593/neo.04169
http://www.ncbi.nlm.nih.gov/pubmed/15548350
http://doi.org/10.1016/0002-9343(92)90744-V
http://doi.org/10.1111/apt.12878
http://www.ncbi.nlm.nih.gov/pubmed/25040088
http://doi.org/10.1002/cncr.20162
http://www.ncbi.nlm.nih.gov/pubmed/15108222
http://doi.org/10.1007/s40273-013-0081-2
http://www.ncbi.nlm.nih.gov/pubmed/23963867
http://doi.org/10.1007/s00520-019-04893-z
http://www.ncbi.nlm.nih.gov/pubmed/31286231
http://doi.org/10.3389/fphar.2017.00354
http://www.ncbi.nlm.nih.gov/pubmed/28642709
http://doi.org/10.1517/17425255.2013.737319
http://www.ncbi.nlm.nih.gov/pubmed/23157726
http://doi.org/10.3390/scipharm88040042
http://doi.org/10.1016/j.ejphar.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25058905
http://doi.org/10.1007/BF02985238
http://www.ncbi.nlm.nih.gov/pubmed/2747308
http://doi.org/10.1159/000197940
http://www.ncbi.nlm.nih.gov/pubmed/133845


Biomedicines 2021, 9, 1389 11 of 13

26. Wardill, H.R.; de Mooij, C.E.M.; da Silva Ferreira, A.R.; van de Peppel, I.P.; Havinga, R.; Harmsen, H.J.M.; Tissing, W.J.E.;
Blijlevens, N.M.A. Translational model of melphalan-induced gut toxicity reveals drug-host-microbe interactions that drive tissue
injury and fever. Cancer Chemother. Pharmacol. 2021, 88, 173–188. [CrossRef] [PubMed]

27. Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3,
330–338. [CrossRef] [PubMed]

28. Chang, C.T.; Ho, T.Y.; Lin, H.; Liang, J.A.; Huang, H.C.; Li, C.C.; Lo, H.Y.; Wu, S.L.; Huang, Y.F.; Hsiang, C.Y. 5-fluorouracil
induced intestinal mucositis via nuclear factor-??B activation by transcriptomic analysis and in vivo bioluminescence imaging.
PLoS ONE 2012, 7, e31808. [CrossRef]

29. Cronstein, B.N.; Aune, T.M. Methotrexate and its mechanisms of action in inflammatory arthritis. Nat. Rev. Rheumatol. 2020, 16,
145–154. [CrossRef] [PubMed]

30. De Sousa Cavalcante, L.; Monteiro, G. Gemcitabine: Metabolism and molecular mechanisms of action, sensitivity and chemoresis-
tance in pancreatic cancer. Eur. J. Pharmacol. 2014, 741, 8–16. [CrossRef]

31. Logan, R.M.; Stringer, A.M.; Bowen, J.M.; Gibson, R.J.; Sonis, S.T.; Keefe, D.M.K. Is the pathobiology of chemotherapy-induced
alimentary tract mucositis influenced by the type of mucotoxic drug administered? Cancer Chemother. Pharmacol. 2009, 63, 239–251.
[CrossRef]

32. Chang, C.-W.; Lee, H.-C.; Li, L.-H.; Chiang Chiau, J.-S.; Wang, T.-E.; Chuang, W.-H.; Chen, M.-J.; Wang, H.-Y.; Shih, S.-
C.; Liu, C.-Y.; et al. Fecal Microbiota Transplantation Prevents Intestinal Injury, Upregulation of Toll-Like Receptors, and
5-Fluorouracil/Oxaliplatin-Induced Toxicity in Colorectal Cancer. Int. J. Mol. Sci. 2020, 21, 386. [CrossRef]

33. Vanhoecke, B.; Bateman, E.; Mayo, B.; Vanlancker, E.; Stringer, A.; Thorpe, D.; Keefe, D. Dark Agouti rat model of chemotherapy-
induced mucositis: Establishment and current state of the art. Exp. Biol. Med. 2015, 240, 725–741. [CrossRef] [PubMed]

34. Daniele, B.; Secondulfo, M.; De Vivo, R.; Pignata, S.; De Magistris, L.; Delrio, P.; Palaia, R.; Barletta, E.; Tambaro, R.; Carratù, R.
Effect of Chemotherapy with 5-Fluorouracil on Intestinal Permeability and Absorption in Patients with Advanced Colorectal
Cancer. J. Clin. Gastroenterol. 2001, 32, 228–230. [CrossRef] [PubMed]

35. Fijlstra, M.; Ferdous, M.; Koning, A.M.; Rings, E.H.H.M.; Harmsen, H.J.M.; Tissing, W.J.E. Substantial decreases in the number
and diversity of microbiota during chemotherapy-induced gastrointestinal mucositis in a rat model. Support. Care Cancer 2015, 23,
1513–1522. [CrossRef] [PubMed]

36. Hamada, K.; Shitara, Y.; Sekine, S.; Horie, T. Zonula Occludens-1 alterations and enhanced intestinal permeability in methotrexate-
treated rats. Cancer Chemother. Pharmacol. 2010, 66, 1031–1038. [CrossRef] [PubMed]

37. Fujita, K.; Kubota, Y.; Ishida, H.; Sasaki, Y. Irinotecan, a key chemotherapeutic drug for metastatic colorectal cancer. World J.
Gastroenterol. 2015, 21, 12234–12248. [CrossRef] [PubMed]

38. Wardill, H.R.; Bowen, J.M.; Van Sebille, Y.Z.A.; Secombe, K.R.; Coller, J.K.; Ball, I.A.; Logan, R.M.; Gibson, R.J. TLR4-dependent
claudin-1 internalization and secretagogue-mediated chloride secretion regulate irinotecan-induced diarrhea. Mol. Cancer Ther.
2016, 15, 2767–2779. [CrossRef] [PubMed]

39. Stringer, A.M.; Gibson, R.J.; Bowen, J.M.; Logan, R.M.; Ashton, K.; Yeoh, A.S.J.; Al-Dasooqi, N.; Keefe, D.M.K. Irinotecan-induced
mucositis manifesting as diarrhoea corresponds with an amended intestinal flora and mucin profile. Int. J. Exp. Pathol. 2009, 90,
489–499. [CrossRef]

40. Russo, F.; Linsalata, M.; Clemente, C.; D’Attoma, B.; Orlando, A.; Campanella, G.; Giotta, F.; Riezzo, G. The effects of fluorouracil,
epirubicin, and cyclophosphamide (FEC60) on the intestinal barrier function and gut peptides in breast cancer patients: An
observational study. BMC Cancer 2013, 13, 56. [CrossRef]

41. Secombe, K.R.; Coller, J.K.; Gibson, R.J.; Wardill, H.R.; Bowen, J.M. The bidirectional interaction of the gut microbiome and the
innate immune system: Implications for chemotherapy-induced gastrointestinal toxicity. Int. J. Cancer 2019, 144, 2365–2376.
[CrossRef] [PubMed]

42. Al-Dasooqi, N.; Sonis, S.T.; Bowen, J.M.; Bateman, E.; Blijlevens, N.; Gibson, R.J.; Logan, R.M.; Nair, R.G.; Stringer, A.M.; Yazbeck,
R.; et al. Emerging evidence on the pathobiology of mucositis. Support. Care Cancer 2013, 21, 2075–2083. [CrossRef] [PubMed]

43. Villa, A.; Sonis, S.T. Mucositis: Pathobiology and management. Curr. Opin. Oncol. 2015, 27, 159–164. [CrossRef] [PubMed]
44. Nugent, S.G.; Kumar, D.; Rampton, D.S.; Evans, D.F. Intestinal luminal pH in inflammatory bowel disease: Possible determinants

and implications for therapy with aminosalicylates and other drugs. Gut 2001, 48, 571–577. [CrossRef]
45. Zhang, X.; Han, Y.; Huang, W.; Jin, M.; Gao, Z. The influence of the gut microbiota on the bioavailability of oral drugs. Acta Pharm.

Sin. B 2020, 11, 1789–1812. [CrossRef] [PubMed]
46. Parsons, R.L. Drug Absorption in Gastrointestinal Disease With Particular Reference to Malabsorption Syndromes. Clin.

Pharmacokinet. 1977, 2, 45–60. [CrossRef] [PubMed]
47. Effinger, A.; O’Driscoll, C.M.; McAllister, M.; Fotaki, N. Impact of gastrointestinal disease states on oral drug absorption—

Implications for formulation design—A PEARRL review. J. Pharm. Pharmacol. 2019, 71, 674–698. [CrossRef]
48. Castoldi, A.; Favero de Aguiar, C.; Moraes-Vieira, P.; Olsen Saraiva Câmara, N. They Must Hold Tight: Junction Proteins,

Microbiota And Immunity In Intestinal Mucosa. Curr. Protein Pept. Sci. 2015, 16, 655–671. [CrossRef]
49. Groschwitz, K.R.; Hogan, S.P. Intestinal barrier function: Molecular regulation and disease pathogenesis. J. Allergy Clin. Immunol.

2009, 124, 2–3. [CrossRef] [PubMed]
50. Zhang, J.; Zhang, J.; Wang, R. Gut microbiota modulates drug pharmacokinetics. Drug Metab. Rev. 2018, 50, 357–368. [CrossRef]

[PubMed]

http://doi.org/10.1007/s00280-021-04273-7
http://www.ncbi.nlm.nih.gov/pubmed/33877390
http://doi.org/10.1038/nrc1074
http://www.ncbi.nlm.nih.gov/pubmed/12724731
http://doi.org/10.1371/journal.pone.0031808
http://doi.org/10.1038/s41584-020-0373-9
http://www.ncbi.nlm.nih.gov/pubmed/32066940
http://doi.org/10.1016/j.ejphar.2014.07.041
http://doi.org/10.1007/s00280-008-0732-8
http://doi.org/10.3390/ijms21020386
http://doi.org/10.1177/1535370215581309
http://www.ncbi.nlm.nih.gov/pubmed/25966981
http://doi.org/10.1097/00004836-200103000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11246350
http://doi.org/10.1007/s00520-014-2487-6
http://www.ncbi.nlm.nih.gov/pubmed/25376667
http://doi.org/10.1007/s00280-010-1253-9
http://www.ncbi.nlm.nih.gov/pubmed/20119715
http://doi.org/10.3748/wjg.v21.i43.12234
http://www.ncbi.nlm.nih.gov/pubmed/26604633
http://doi.org/10.1158/1535-7163.MCT-16-0330
http://www.ncbi.nlm.nih.gov/pubmed/27550942
http://doi.org/10.1111/j.1365-2613.2009.00671.x
http://doi.org/10.1186/1471-2407-13-56
http://doi.org/10.1002/ijc.31836
http://www.ncbi.nlm.nih.gov/pubmed/30155890
http://doi.org/10.1007/s00520-013-1810-y
http://www.ncbi.nlm.nih.gov/pubmed/23604521
http://doi.org/10.1097/CCO.0000000000000180
http://www.ncbi.nlm.nih.gov/pubmed/25774860
http://doi.org/10.1136/gut.48.4.571
http://doi.org/10.1016/j.apsb.2020.09.013
http://www.ncbi.nlm.nih.gov/pubmed/34386321
http://doi.org/10.2165/00003088-197702010-00004
http://www.ncbi.nlm.nih.gov/pubmed/322910
http://doi.org/10.1111/jphp.12928
http://doi.org/10.2174/1389203716666150630133141
http://doi.org/10.1016/j.jaci.2009.05.038
http://www.ncbi.nlm.nih.gov/pubmed/19560575
http://doi.org/10.1080/03602532.2018.1497647
http://www.ncbi.nlm.nih.gov/pubmed/30227749


Biomedicines 2021, 9, 1389 12 of 13

51. van Vliet, M.J.; Harmsen, H.J.M.; de Bont, E.S.J.M.; Tissing, W.J.E. The role of intestinal microbiota in the development and
severity of chemotherapy-induced mucositis. PLoS Pathog. 2010, 6, 1–7. [CrossRef] [PubMed]

52. da Silva Ferreira, A.R.; Wardill, H.R.; Tissing, W.J.E.; Harmsen, H.J.M. Pitfalls and novel experimental approaches to optimize
microbial interventions for chemotherapy-induced gastrointestinal mucositis. Curr. Opin. Support. Palliat. Care 2020, 14, 127.
[CrossRef] [PubMed]

53. Gibson, R.J.; Bowen, J.M. Biomarkers of regimen-related mucosal injury. Cancer Treat. Rev. 2011, 37, 487–493. [CrossRef] [PubMed]
54. Crenn, P.; Messing, B.; Cynober, L. Citrulline as a biomarker of intestinal failure due to enterocyte mass reduction. Clin. Nutr.

2008, 27, 328–339. [CrossRef] [PubMed]
55. Fragkos, K.C.; Forbes, A. Citrulline as a marker of intestinal function and absorption in clinical settings: A systematic review and

meta-analysis. United Eur. Gastroenterol. J. 2018, 6, 181–191. [CrossRef] [PubMed]
56. Kuchay, R.A.H.; Bhatia, A.; Mahmood, A.; Anwar, M.; Mahmood, S. Brush border enzyme activity and expression of apoptotic

marker genes in lycopene fed rats with 5-Fu induced gastrointestinal mucositis. Nutr. Aging 2015, 3, 1–8. [CrossRef]
57. Vermette, D.; Hu, P.; Canarie, M.F.; Funaro, M.; Glover, J.; Pierce, R.W. Tight junction structure, function, and assessment in the

critically ill: A systematic review. Intensive Care Med. Exp. 2018, 6, 1–18. [CrossRef] [PubMed]
58. Wardill, H.R.; Bowen, J.M.; Al-Dasooqi, N.; Sultani, M.; Bateman, E.; Stansborough, R.; Shirren, J.; Gibson, R.J. Irinotecan disrupts

tight junction proteins within the gut. Cancer Biol. Ther. 2014, 15, 236–244. [CrossRef] [PubMed]
59. Chelakkot, C.; Ghim, J.; Ryu, S.H. Mechanisms regulating intestinal barrier integrity and its pathological implications. Exp. Mol.

Med. 2018, 50, 1–9. [CrossRef]
60. Keefe, D.M.K.; Brealey, J.; Goland, G.J.; Cummins, A.G. Chemotherapy for cancer causes apoptosis that precedes hypoplasia in

crypts of the small intestine in humans. Gut 2000, 47, 632–637. [CrossRef]
61. Ulluwishewa, D.; Anderson, R.C.; McNabb, W.C.; Moughan, P.J.; Wells, J.M.; Roy, N.C. Regulation of tight junction permeability

by intestinal bacteria and dietary components. J. Nutr. 2011, 141, 769–776. [CrossRef] [PubMed]
62. Fallingborg, J. Intraluminal pH of the human gastrointestinal tract. Dan. Med. Bull. 1999, 46, 183–196. [PubMed]
63. Sasaki, Y.; Hada, R.; Nakajima, H.; Fukuda, S.; Munakata, A. Improved localizing method of radiopill in measurement of entire

gastrointestinal pH profiles: Colonic luminal pH in normal subjects and patients with Crohn’s disease. Am. J. Gastroenterol. 1997,
92, 114–118. [PubMed]

64. Gibson, R.J.; Keefe, D.M.K. Cancer chemotherapy-induced diarrhoea and constipation: Mechanisms of damage and prevention
strategies. Support. Care Cancer Off. J. Multinatl. Assoc. Support. Care Cancer 2006, 14, 890–900. [CrossRef]

65. McQuade, R.M.; Carbone, S.E.; Stojanovska, V.; Rahman, A.; Gwynne, R.M.; Robinson, A.M.; Goodman, C.A.; Bornstein, J.C.;
Nurgali, K. Role of oxidative stress in oxaliplatin-induced enteric neuropathy and colonic dysmotility in mice. Br. J. Pharmacol.
2016, 173, 3502–3521. [CrossRef]

66. Tamai, I. Molecular characterization of intestinal absorption of drugs by carrier- mediated transport mechanisms. Yakugaku Zasshi
1997, 117, 415–434. [CrossRef] [PubMed]

67. Wardill, H.R.; Gibson, R.J.; Van Sebille, Y.Z.A.; Secombe, K.R.; Coller, J.K.; White, I.A.; Manavis, J.; Hutchinson, M.R.; Staikopoulos,
V.; Logan, R.M.; et al. Irinotecan-Induced gastrointestinal dysfunction and pain are mediated by common TLR4-dependent
mechanisms. Mol. Cancer Ther. 2016, 15, 1376–1386. [CrossRef]

68. McQuade, R.M.; Stojanovska, V.; Abalo, R.; Bornstein, J.C.; Nurgali, K. Chemotherapy-Induced Constipation and Diarrhea:
Pathophysiology, Current and Emerging Treatments. Front. Pharmacol. 2016, 7, 414. [CrossRef]

69. Deng, J.; Zhu, X.; Chen, Z.; Fan, C.H.; Kwan, H.S.; Wong, C.H.; Shek, K.Y.; Zuo, Z.; Lam, T.N. A Review of Food–Drug Interactions
on Oral Drug Absorption. Drugs 2017, 77, 1833–1855. [CrossRef] [PubMed]

70. Chen, L.; Krekels, E.H.J.; Verweij, P.E.; Buil, J.B.; Knibbe, C.A.J.; Brüggemann, R.J.M. Pharmacokinetics and Pharmacodynamics of
Posaconazole. Drugs 2020, 80, 671–695. [CrossRef]

71. Press, A.G.; Hauptmann, I.A.; Hauptmann, L.; Fuchs, B.; Fuchs, M.; Ewe, K.; Ramadori, G. Gastrointestinal pH profiles in patients
with inflammatory bowel disease. Aliment. Pharmacol. Ther. 1998, 12, 673–678. [CrossRef]

72. Vertzoni, M.; Augustijns, P.; Grimm, M.; Koziolek, M.; Lemmens, G.; Parrott, N.; Pentafragka, C.; Reppas, C.; Rubbens, J.; Van
Den Abeele, J.; et al. Impact of regional differences along the gastrointestinal tract of healthy adults on oral drug absorption: An
UNGAP review. Eur. J. Pharm. Sci. 2019, 134, 153–175. [CrossRef]

73. Moghimipour, E.; Ameri, A.; Handali, S. Absorption-Enhancing Effects of Bile Salts. Molecules 2015, 20, 14451–14473. [CrossRef]
74. Sinko, P.J.; Amidon, G.L. Characterization of the Oral Absorption of β-Lactam Antibiotics II: Competitive Absorption and Peptide

Carrier Specificity. J. Pharm. Sci. 1989, 78, 723–727. [CrossRef] [PubMed]
75. Krishna, G.; Ma, L.; Martinho, M.; O’Mara, E. Single-dose phase I study to evaluate the pharmacokinetics of posaconazole in new

tablet and capsule formulations relative to oral suspension. Antimicrob. Agents Chemother. 2012, 56, 4196–4201. [CrossRef]
76. Zama, D.; Gori, D.; Muratore, E.; Leardini, D.; Rallo, F.; Turroni, S.; Prete, A.; Brigidi, P.; Pession, A.; Masetti, R. Enteral versus

Parenteral Nutrition as Nutritional Support after Allogeneic Hematopoietic Stem Cell Transplantation: A Systematic Review and
Meta-Analysis. Transplant. Cell. Ther. 2021, 27, 180.e1–180.e8. [CrossRef] [PubMed]

77. Wardill, H.R.; Bowen, J.M. Chemotherapy-induced mucosal barrier dysfunction: An updated review on the role of intestinal tight
junctions. Curr. Opin. Support. Palliat. Care 2013, 7, 155–161. [CrossRef] [PubMed]

78. Alexander, J.L.; Wilson, I.D.; Teare, J.; Marchesi, J.R.; Nicholson, J.K.; Kinross, J.M. Gut microbiota modulation of chemotherapy
efficacy and toxicity. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 356–365. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.ppat.1000879
http://www.ncbi.nlm.nih.gov/pubmed/20523891
http://doi.org/10.1097/SPC.0000000000000497
http://www.ncbi.nlm.nih.gov/pubmed/32324645
http://doi.org/10.1016/j.ctrv.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21689887
http://doi.org/10.1016/j.clnu.2008.02.005
http://www.ncbi.nlm.nih.gov/pubmed/18440672
http://doi.org/10.1177/2050640617737632
http://www.ncbi.nlm.nih.gov/pubmed/29511548
http://doi.org/10.3233/NUA-140041
http://doi.org/10.1186/s40635-018-0203-4
http://www.ncbi.nlm.nih.gov/pubmed/30259344
http://doi.org/10.4161/cbt.27222
http://www.ncbi.nlm.nih.gov/pubmed/24316664
http://doi.org/10.1038/s12276-018-0126-x
http://doi.org/10.1136/gut.47.5.632
http://doi.org/10.3945/jn.110.135657
http://www.ncbi.nlm.nih.gov/pubmed/21430248
http://www.ncbi.nlm.nih.gov/pubmed/10421978
http://www.ncbi.nlm.nih.gov/pubmed/8995949
http://doi.org/10.1007/s00520-006-0040-y
http://doi.org/10.1111/bph.13646
http://doi.org/10.1248/yakushi1947.117.7_415
http://www.ncbi.nlm.nih.gov/pubmed/9261213
http://doi.org/10.1158/1535-7163.MCT-15-0990
http://doi.org/10.3389/fphar.2016.00414
http://doi.org/10.1007/s40265-017-0832-z
http://www.ncbi.nlm.nih.gov/pubmed/29076109
http://doi.org/10.1007/s40265-020-01306-y
http://doi.org/10.1046/j.1365-2036.1998.00358.x
http://doi.org/10.1016/j.ejps.2019.04.013
http://doi.org/10.3390/molecules200814451
http://doi.org/10.1002/jps.2600780904
http://www.ncbi.nlm.nih.gov/pubmed/2585263
http://doi.org/10.1128/AAC.00222-12
http://doi.org/10.1016/j.jtct.2020.11.006
http://www.ncbi.nlm.nih.gov/pubmed/33830034
http://doi.org/10.1097/SPC.0b013e32835f3e8c
http://www.ncbi.nlm.nih.gov/pubmed/23492816
http://doi.org/10.1038/nrgastro.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28270698


Biomedicines 2021, 9, 1389 13 of 13

79. Sokol, H.; Pigneur, B.; Watterlot, L.; Lakhdari, O.; Bermúdez-Humarán, L.G.; Gratadoux, J.-J.; Blugeon, S.; Bridonneau, C.; Furet,
J.-P.; Corthier, G.; et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota
analysis of Crohn disease patients. Proc. Natl. Acad. Sci. USA 2008, 105, 16731–16736. [CrossRef] [PubMed]

80. Barcenilla, A.; Pryde, S.E.; Martin, J.C.; Duncan, S.H.; Stewart, C.S.; Henderson, C.; Flint, H.J. Phylogenetic relationships of
butyrate-producing bacteria from the human gut. Appl. Environ. Microbiol. 2000, 66, 1654–1661. [CrossRef] [PubMed]

81. Hamouda, N.; Sano, T.; Oikawa, Y.; Ozaki, T.; Shimakawa, M.; Matsumoto, K.; Amagase, K.; Higuchi, K.; Kato, S. Apoptosis,
Dysbiosis and Expression of Inflammatory Cytokines are Sequential Events in the Development of 5-Fluorouracil-Induced
Intestinal Mucositis in Mice. Basic Clin. Pharmacol. Toxicol. 2017, 121, 159–168. [CrossRef] [PubMed]

82. Gu, S.L.; Gong, Y.; Zhang, J.; Chen, Y.; Wu, Z.; Xu, Q.; Fang, Y.; Wang, J.; Tang, L.L. Effect of the short-term use of fluoroquinolone
and β-lactam antibiotics on mouse gut microbiota. Infect. Drug Resist. 2020, 13, 4547. [CrossRef]

83. Schröder, H.; Gustafsson, B.E. Azo Reduction of Salicyl-Azo-Sulphapyridine in Germ-free and Conventional Rats. Xenobiotica
1973, 3, 225–231. [CrossRef] [PubMed]

84. Geller, L.T.; Barzily-Rokni, M.; Danino, T.; Jonas, O.H.; Shental, N.; Nejman, D.; Gavert, N.; Zwang, Y.; Cooper, Z.A.; Shee, K.;
et al. Potential role of intratumor bacteria in mediating tumor resistance to the chemotherapeutic drug gemcitabine. Science 2017,
357, 1156–1160. [CrossRef] [PubMed]

85. Gao, Y.; Shang, Q.; Li, W.; Guo, W.; Stojadinovic, A.; Mannion, C.; Man, Y.G.; Chen, T. Antibiotics for cancer treatment: A
double-edged sword. J. Cancer 2020, 11, 5135. [CrossRef]

86. Iida, N.; Dzutsev, A.; Stewart, C.A.; Smith, L.; Bouladoux, N.; Weingarten, R.A.; Molina, D.A.; Salcedo, R.; Back, T.; Cramer, S.;
et al. Commensal bacteria control cancer response to therapy by modulating the tumor microenvironment. Science 2013, 342,
967–970. [CrossRef] [PubMed]

87. Cheng, W.Y.; Wu, C.Y.; Yu, J. The role of gut microbiota in cancer treatment: Friend or foe? Gut 2020, 69, 1867–1876. [CrossRef]
88. Romano, M.; Ricci, V.; Zarrilli, R. Mechanisms of disease: Helicobacter pylori-related gastric carcinogenesis–implications for

chemoprevention. Nat. Clin. Pract. Gastroenterol. Hepatol. 2006, 3, 622–632. [CrossRef] [PubMed]
89. Kwon, Y. Mechanism-based management for mucositis: Option for treating side effects without compromising the efficacy of

cancer therapy. Onco. Targets. Ther. 2016, 9, 2007–2016. [CrossRef] [PubMed]
90. Karbelkar, S.A.; Majumdar, A.S. Altered systemic bioavailability and organ distribution of azathioprine in methotrexate-induced

intestinal mucositis in rats. Indian J. Pharmacol. 2016, 48, 241. [CrossRef]
91. Fijlstra, M.; Rings, E.H.H.M.; Verkade, H.J.; van Dijk, T.H.; Kamps, W.A.; Tissing, W.J.E. Lactose maldigestion during methotrexate-

induced gastrointestinal mucositis in a rat model. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300, G283–G291. [CrossRef]
[PubMed]

92. Fijlstra, M.; Tissing, W.J.E.; Stellaard, F.; Verkade, H.J.; Rings, E.H.H.M. Reduced absorption of long-chain fatty acids during
methotrexate-induced gastrointestinal mucositis in the rat. Clin. Nutr. 2013, 32, 452–459. [CrossRef] [PubMed]

93. Kovanda, L.L.; Marty, F.M.; Maertens, J.; Desai, A.V.; Lademacher, C.; Engelhardt, M.; Lu, Q.; Hope, W.W. Impact of mucositis on
absorption and systemic drug exposure of isavuconazole. Antimicrob. Agents Chemother. 2017, 61, e00101-17. [CrossRef] [PubMed]

94. Gattis, W.A.; Petros, W.P.; Pickard, W.W.; Drew, R.H.; May, D.B.; Hathorn, J.W. A prospective, open-label study of single-dose
ciprofloxacin absorption after chemotherapy in patients with malignancy. Pharmacotherapy 1997, 17, 836–840. [CrossRef] [PubMed]

95. Vanstraelen, K.; Prattes, J.; Maertens, J.; Lagrou, K.; Schoemans, H.; Peersman, N.; Vermeersch, P.; Theunissen, K.; Mols, R.;
Augustijns, P.; et al. Posaconazole plasma exposure correlated to intestinal mucositis in allogeneic stem cell transplant patients.
Eur. J. Clin. Pharmacol. 2016, 72, 953–963. [CrossRef] [PubMed]

96. Alqahtani, S.; Mohamed, L.A.; Kaddoumi, A. Experimental models for predicting drug absorption and metabolism. Expert Opin.
Drug Metab. Toxicol. 2013, 9, 1241–1254. [CrossRef] [PubMed]

97. Xiang, Y.; Wen, H.; Yu, Y.; Li, M.; Fu, X.; Huang, S. Gut-on-chip: Recreating human intestine in vitro. J. Tissue Eng. 2020, 11,
2041731420965318. [CrossRef]

98. Pilmis, B.; Le Monnier, A.; Zahar, J.R. Gut microbiota, antibiotic therapy and antimicrobial resistance: A narrative review.
Microorganisms 2020, 8, 269. [CrossRef]

99. Lee, S.H.; Choi, N.; Sung, J.H. Pharmacokinetic and pharmacodynamic insights from microfluidic intestine-on-a-chip models.
Expert Opin. Drug Metab. Toxicol. 2019, 15, 1005–1019. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0804812105
http://www.ncbi.nlm.nih.gov/pubmed/18936492
http://doi.org/10.1128/AEM.66.4.1654-1661.2000
http://www.ncbi.nlm.nih.gov/pubmed/10742256
http://doi.org/10.1111/bcpt.12793
http://www.ncbi.nlm.nih.gov/pubmed/28374966
http://doi.org/10.2147/IDR.S281274
http://doi.org/10.3109/00498257309151518
http://www.ncbi.nlm.nih.gov/pubmed/4147914
http://doi.org/10.1126/science.aah5043
http://www.ncbi.nlm.nih.gov/pubmed/28912244
http://doi.org/10.7150/jca.47470
http://doi.org/10.1126/science.1240527
http://www.ncbi.nlm.nih.gov/pubmed/24264989
http://doi.org/10.1136/gutjnl-2020-321153
http://doi.org/10.1038/ncpgasthep0634
http://www.ncbi.nlm.nih.gov/pubmed/17068500
http://doi.org/10.2147/OTT.S96899
http://www.ncbi.nlm.nih.gov/pubmed/27103826
http://doi.org/10.4103/0253-7613.182895
http://doi.org/10.1152/ajpgi.00462.2010
http://www.ncbi.nlm.nih.gov/pubmed/21088238
http://doi.org/10.1016/j.clnu.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23102689
http://doi.org/10.1128/AAC.00101-17
http://www.ncbi.nlm.nih.gov/pubmed/28289034
http://doi.org/10.1002/j.1875-9114.1997.tb03767.x
http://www.ncbi.nlm.nih.gov/pubmed/9250569
http://doi.org/10.1007/s00228-016-2057-6
http://www.ncbi.nlm.nih.gov/pubmed/27066958
http://doi.org/10.1517/17425255.2013.802772
http://www.ncbi.nlm.nih.gov/pubmed/23687990
http://doi.org/10.1177/2041731420965318
http://doi.org/10.3390/microorganisms8020269
http://doi.org/10.1080/17425255.2019.1700950
http://www.ncbi.nlm.nih.gov/pubmed/31794278

	Introduction 
	Physiological Factors Contributing to Impaired Intestinal Absorption during Chemotherapy 
	Gastrointestinal Mucositis and Barrier Function 
	Intestinal Motility, Luminal pH and Diet 
	The Gut Microbiota 

	The Effects of Gastrointestinal Mucositis on Drug Absorption 
	Where Do We Go from Here? 
	Conclusions 
	References

