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Abstract
Purpose A common side effect of chemotherapy treatment
is diarrhoea. Unfortunately, the underlying mechanisms of
chemotherapy-induced diarrhoea (CD) are poorly under-
stood. We aimed to determine if faecal microbes of CD
patients were displaced, if faecal calprotectin increased dur-
ing CD and if there were alterations in circulating matrix
metalloproteinases, nuclear factor kappa B (NF-κB), IL-1β
and TNF.
Patients and methods Twenty-six cancer patients receiving
chemotherapy were enrolled and requested to provide stool
samples and blood samples at various times during their
chemotherapy cycle. Stool samples were analysed using
conventional culture techniques and qRT-PCR. ELISA kits
determined faecal calprotectin levels, levels of circulating

matrix metalloproteinases and circulating NF-κB, IL-1β
and TNF.
Results The majority of patients with CD showed decreases
in Lactobacillus spp., Bifidobacterium spp., Bacteroides
spp. and Enterococcus spp. Increases were observed in
Escherichia coli and Staphylococcus spp. Methanogenic
archaea were also quantified, with all patients except one
showing a decrease. Faecal calprotectin levels were in-
creased in 81.25 % of patients with CD. Circulating
MMP-3 and MMP-9 significantly increased following che-
motherapy. Circulating levels of NF-κB, IL-1β and TNF
were increased following chemotherapy, although this did
not reach significance.
Conclusions We demonstrated that CD is associated with
marked changes in intestinal microflora, methanogenic ar-
chaea, matrix metalloproteinase and serum levels of NF-κB,
IL-1β and TNF. These changes may result in diminished
bacterial functions within the gut, altering gut function and
initiating intestinal damage, resulting in the onset of diar-
rhoea. More importantly, these changes may provide clini-
cians with a possible new target for biomarkers of toxicity.

Keywords Biomarkers . Mucositis . Microbiome . Matrix
metalloproteinases

Introduction

Chemotherapy-induced gastrointestinal mucositis presents
a major oncological problem. Clinically, mucositis is char-
acterised by a wide spectrum of symptoms including ulcer-
ation, nausea and vomiting, bloating, diarrhoea and
constipation [1]. Although the pathobiology of mucositis is
complex, much progress has been made in recent years in
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terms of our understanding of the pathological [2, 3] and
signalling alterations [4] occurring in the gut subsequent to
chemotherapy treatment. Briefly, these include clonogenic
cell death [5, 6], the induction of inflammatory responses
[3], changes in the gut microbiome [7, 8] and activation of
submucosal signalling and damage of submucosal structures
[5]. The gene expression changes which occur in the gut
following chemotherapy treatment have also been investi-
gated. The pathways that govern mucositis development
include mitogen-activated protein kinase signalling, nuclear
factor kappa B (NF-κB) signalling, Fos/Jun signalling and
Wnt signalling [4]. Furthermore, the downstream mediators
of this damage include cytokines, matrix metalloproteinases,
ceramide and cyclooxygenase-2 [3, 9].

Despite these advances, the mechanisms contributing to
mucositis diarrhoea remain poorly understood [10]. Regi-
mens, for colorectal cancer in particular, illustrate that the
diarrhoea component of mucositis is one of the most com-
mon and clinically important aspects of toxicity. The ab-
solute percentage of patients that have chemotherapy-
induced diarrhoea (CD) as a result of their treatment has
yet to be fully defined, although general estimates place
50 % of all cancer patients [10] and 10 % of advanced
cancer patients being afflicted [10]. This represents a sig-
nificant clinical and, importantly, economic burden in on-
cology as the presence of any mucositis during a cycle of
chemotherapy significantly increases the risk of dose re-
duction, the frequency of infections and bleeding and
increases the length and cost of hospitalisation [11].
Reductions in treatment doses may also lead to reduced
survival [12].

Although mucositis and CD is highly prevalent, there
are currently no diagnostic biomarkers and the only
method by which it can be diagnosed is through assess-
ment of symptoms according to clinical mucositis grad-
ing scales. However to date, there is no established scale
that is universally accepted or meets all the criteria a
clinical mucositis scoring system should achieve [13].
Furthermore, accurate evaluation of mucositis develop-
ment is made impossible due to the difficulty of obtain-
ing sequential biopsies before, during and after treatment
and the inaccessibility of important segments of the
alimentary tract [13]. This has great implications when
conducting clinical evaluation of mucositis interventions,
where accurate evaluation of mucositis is required.

Calprotectin has been used for a number of years as a
biomarker for intestinal inflammation in inflammatory bow-
el diseases. It is a member of the S100 family and is a 36-
kDa abundant calcium-binding protein [14], and members
of this family are able to be detected within faecal samples
[15]. In brief, calprotectin is released when leukocytes be-
come activated as a direct consequence of pathology in
varying organs, leading to increased levels in plasma,

cerebrospinal fluid, urine or faeces [15]. Previously, calpro-
tectin has been shown to be increased in inflammatory
intestinal diseases, including inflammatory bowel disease,
Crohn’s disease and ulcerative colitis [16]. More recently,
calprotectin has been used with mixed results in the oncol-
ogy arena [17, 18].

Matrix metalloproteinases (MMPs) are a group of
zinc-dependent endopeptidases which participate in extra-
cellular matrix turnover [19]. Recent research within our
laboratory has identified these proteases as major mediators
of chemotherapy-induced gut damage in rats [9].
Hence, MMPs can be used as tissue-specific markers of
chemotherapy-induced gut injury and specifically CD.
However, it is not known whether these changes in MMPs
are translated systemically and hence whether or not they
could be useful in identifying impending toxicity.

The purpose of this small clinical study in patients re-
ceiving chemotherapy regimens containing 5-fluorouracil,
capecitabine or irinotecan was threefold. Firstly, we deter-
mined if the faecal microbes of patients with CD were
displaced from that of healthy controls; secondly, we deter-
mined if faecal calprotectin was increased during CD; and
thirdly, we investigated the potential of MMPs and pro-
inflammatory cytokines as systemic biomarkers to reflect
the development of gut toxicity.

Patients and methods

Patient cohorts

Cohort 1 (proof-of-concept)

All patients recruited for cohort 1 were hospital inpatients
due to mucositis manifesting as diarrhoea (CD). Sixteen
patients (6 males and 10 females) with a median age of
71 years (range 36–82) receiving chemotherapy provided
informed consent. Patients receiving concurrent radiothera-
py were excluded from the study to eliminate radiotherapy-
induced diarrhoea. All other medications were recorded for
each patient. The malignancies (number of patients) includ-
ed colorectal cancer (11), breast cancer (two), laryngeal
cancer (one), oesophageal cancer (one), and melanoma
(one). There were not enough subjects to perform a subset
analysis based on the individual chemotherapy agents, as
many different chemotherapy regimens were used for these
patients including capecitabine, cisplatin/5-FU, FOLFOX,
5-FU/folinic acid, COFF and paclitaxel, carboplatin and
gemcitabine. In addition to these subjects, stool samples
from two healthy volunteers (one male and one female)
were obtained for the study (Table 1). This study was
approved by the Ethics of Human Research Committee of
the Royal Adelaide Hospital and was carried out in
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accordance with the Declaration of Helsinki. Informed con-
sent was obtained from each patient prior to enrolment in the
study.

Cohort 2

Ten patients (seven males and three females) with a mean
age of 62 years (range 40–77) receiving FOLFOX4, FOL-
FOX6, FOLFIRI or capecitabine for breast cancer (two
patients) as well as various gastrointestinal tumours (eight
patients) were recruited from The Royal Adelaide Hospital
Cancer Centre (Table 1). Patients were excluded if they were
receiving concurrent radiotherapy. None of the patients pre-
sented with conditions associated with a known increase in
serum MMPs (including rheumatoid arthritis, pulmonary
fibrosis and liver cirrhosis). Stool and blood samples were
collected before a chemotherapy cycle commenced and on
days 2, 5 and 10 of one chemotherapy cycle. Stool samples
were used for determination of calprotectin levels. Blood
samples were used for serum collection for determination of
circulating MMPs and pro-inflammatory cytokines TNF, IL-

1B and IL-6. Five healthy, cancer-naive, control subjects
with a mean age of 26 years (range 23–30) were also
enrolled in this study as cancer patients are known to have
elevated serum MMP levels [20]. This study was approved
by the Human Research Ethics Committee of the Royal
Adelaide Hospital and was carried out in accordance with
the Declaration of Helsinki.

Analysis of cohort medical records

To identify the toxicities associated with anti-cancer regi-
mens, both cohorts of patients had case note reviews under-
taken. The toxicities recorded from patient case notes were
those identified by the National Cancer Institute common
gastrointestinal tract toxicity criteria following anti-cancer
treatment. These included oral symptoms, stomatitis, nausea
and vomiting, diarrhoea, constipation, abdominal pain and
bloating. Institutional reporting guidelines for toxicity col-
lection were changed between cohort recruitment, meaning
toxicities for patients in cohort one were not as comprehen-
sively reported as toxicities for patients in cohort 2.

Sample analysis

Culture of faecal samples

To determine which bacteria were present in the faeces of
patients with CD, a variety of selective and non-selective
media (Oxoid, Adelaide, Australia) were used in an attempt
to identify as many bacteria as possible from the gastroin-
testinal tract using our established methods [7]. The level of
growth of each bacterium was graded using a qualitative
assessment technique using the following criteria: 0, no
growth; 1, very light growth (less than 10 cfu); 2, light
growth (growth in the original inoculation zone only); 3,
moderate growth (growth in the first streak line); and 4,
heavy growth (growth in the second streak line or greater).
All gradings were conducted in a blinded fashion (AMS).
This grading system had previously been validated in our
laboratory using quality control organisms and sample
organisms to ensure consistent results [7].

DNA extraction from bacteria

DNA was extracted from standard bacterial samples using a
DNeasy Tissue Mini Kit (Qiagen, Doncaster, Australia).
Briefly, bacteria were grown to log phase in nutrient broth.
Cells were harvested by centrifuging for 10 min at 5,000 × g.
Gram-positive bacteria were lysed in enzymatic lysis buffer
(20 mM Tris–Cl, pH8.0, 2 mM sodium EDTA, 1.2 % Triton®
X-100, 20 mg/ml lysozyme) at 37 °C, followed by proteinase
K at 70 °C. Gram-negative bacteria were lysed in provided
buffer and proteinase K at 55 °C, followed by further lysis in

Table 1 Characteristics of patient cohorts 1 and 2

Patient characteristics Chemotherapy-treated
patients

Healthy
controls

Cohort 1

Number of patients 16 2

Age 71 (36–82) n/a

Gender (M/F) 6:10 1:1

Cancer diagnosis

Colon 8 n/a

Rectal 3

Breast 2

Melanoma 1

Other 2

Toxicities

Diarrhoea 16 n/a

Cohort 2

Number of patients 10 5

Age 63 (40–77) n/a

Gender (M/F) 7:3 1:4

Cancer diagnosis

Colon 2 n/a

Rectal 6

Breast 2

Toxicities

Oral tenderness 1 n/a

Diarrhoea 3

Vomiting 3

Abdominal cramps 1

Other 1
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buffer at 70 °C. For both Gram-positive and Gram-negative
bacteria, DNA was bound to the membrane in the provided
spin column. The membrane was washed with two buffer
solutions before DNA was eluted. DNA concentration was
determined using a Nanodrop spectrophotometer (BioRad,
Gladesville, NSW, Australia) and diluted to a final working
concentration of 10 ng/μl.

DNA extraction from faecal samples

DNA was extracted from patients’ faecal samples using the
QIAamp® DNA Stool Mini Kit (Qiagen). Briefly, 200 mg
faeces was homogenised in lysis buffer and heated at 95 °C.
Samples were centrifuged and the supernatant collected.
Inhibitors were adsorbed to InhibitEX tablets before sam-
ples were centrifuged again and the supernatant collected.
Proteins were digested with proteinase K and buffer. DNA
was then bound to the membrane in the provided spin
column. The membrane was washed with two wash buffers
before DNA was eluted. DNA concentration was deter-
mined using a spectrophotometer and diluted to a final
working concentration of 5 ng/μl.

Real-time PCR

Real-time PCR was carried out on a Corbett Rotorgene 3000
rotary cycler (Corbett Research, USA). Primers used in this
study have been published previously [21–25]. PCR mix-
tures consisted of 1× Quantitect® SYBR Green Mastermix
(Qiagen), 2.5 ng/μl of each primer and 10 ng of DNA in a
volume of 10 μl. The cycling parameters consisted of en-
zyme activation at 95 °C followed by cycles of melting at
95 °C for 15 s; annealing for the specified times and temper-
atures; and extension at 72 °C for a specified time, based on
optimisation of the cycling conditions for each primer set.
The SYBR green fluorescent signals were acquired at 72 °C.
Standard curves were constructed from PCR reactions using
10-fold serial dilutions of known bacterial DNA. Data were
analysed using the Rotor-gene 6 software (Corbett
Research, USA).

Faecal calprotectin assay

Faecal calprotectin was measured from stool samples using
the Human Calprotectin ELISA kit (Hycult Biotech, Uden,
Netherlands). Briefly, samples were extracted using extrac-
tion buffer. Standards and extracted samples were transferred
(in duplicate) into the appropriate wells and incubated at
room temperature for 1 h. The wells were emptied, and the
plate washed four times with wash buffer, repeated follow-
ing each incubation step. Diluted tracer was added to the
wells and incubated for 1 h at room temperature, followed
by incubation with streptavidin-peroxidase for 1 h at room

temperature. Substrate solution was added to the wells and
incubated for 20 min in darkness before the reaction stop
solution was added. The plate was read at 450 nm.

ELISA detection of serum matrix metalloproteinase-2,
metalloproteinase-3 and metalloproteinase-9

Whole blood samples were drawn from controls and
patients (cohort 2) receiving anti-cancer treatment at various
time points during one chemotherapy cycle. Serum samples
were separated by centrifugation and stored at −80 °C until
use. Serum levels of MMP-2, MMP-3 and MMP-9 were
measured using quantikine immunoassay ELISA kits spe-
cific to the MMP of interest (RnD Systems, MN, USA)
according to the manufacturer’s instructions (catalog numb-
ers DMP2F0, DMP300 and DMP900). All samples were
tested in duplicates.

ELISA detection of serum NF-κB and proinflammatory
cytokines IL-1β and TNF

Whole blood samples were drawn from controls and
patients (cohort 2) receiving anti-cancer treatment at various
time points during one chemotherapy cycle. Serum samples
were separated by centrifugation and stored at −80 °C until
use. Serum levels of NF-κB, IL-1β and TNF were measured
using quantikine immunoassay ELISA kits specific to each
transcription factor or proinflammatory cytokine (Imgenex,
NFκB/p65 active; catalog number IMK-503; eBioscience
IL-1β and TNF; catalog numbers 88-7010-22 and 88-
7346-22, respectively) according to the manufacturer’s
instructions. All samples were tested in duplicates.

Statistical analysis

All significance levels were set at p<0.05. Linear regression
analysis was applied to determine if changes to faecal
microbes were significant. Repeated measures analyses
were applied to analyse the changes over time in MMP-2,
MMP-3 and MMP-9 levels. This utilised a linear mixed
effects model where time was included as a categorical
predictor (fixed effect), while patient was included as a
random effect. A one-way ANOVA was used to determine
significance for ELISA detection of serum NF-κB and
proinflammatory cytokines IL-1β and TNF. Correlations
between changes in serum MMPs and GI toxicity were
investigated using Fisher’s exact test.

Results

Toxicities induced following cytotoxic chemotherapy
(cohort 1)
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Institutional reporting guidelines for toxicity collection were
changed between cohort recruitment, meaning toxicities for
patients in cohort 1 were not as comprehensively reported as
toxicities for patients in cohort 2. However, all patients
recruited for cohort 1 were hospitalised for chemotherapy-
induced diarrhoea.

Toxicities induced following cytotoxic chemotherapy
(cohort 2)

The most prevalent gastrointestinal toxicities were nausea
and vomiting (3/10 patients—30 %) and diarrhoea (3/10
patients—30 %). Oral tenderness was also reported by one
patient (10 %).

Faecal microflora analysis (cohort 1)

The overall culture analysis revealed that 75 % of patients
had a decreased anaerobic component of their microflora,
with respect to both the level of growth and diversity of
species present (data not shown). No marked differences
between gender were observed. One patient presented with
no detectable bacteria in culture, and another patient
exhibited the presence of Staphylococcus spp. only in the
faecal samples. There was a large difference in the diversity
of bacteria present in the microflora between patients expe-
riencing CD and healthy controls and also between individ-
uals (data not shown).

Quantitative real-time PCR demonstrated differences in
the amount of bacteria present in the faecal samples of
patients with CD and healthy controls. The majority of
patients experiencing CD showed a decrease compared with
controls in Lactobacillus spp. (with some exceptions) and
Bacteroides spp. (all patients) (Fig. 1). Decreases were also
seen with Bifidobacterium spp. (one exception) and Entero-
coccus spp. (all patients) (data not shown). Increases were
observed in Escherichia coli (Fig. 1) and Staphylococcus
spp. (with some exceptions) (data not shown). A decrease
compared with controls in methanogenic archaea was seen
in the majority of patients with CD (one exception) (Fig. 1).

Faecal microflora analysis (cohort 2)

Real-time PCR analysis revealed that E. coli increased over
time (0.034±0.011 to 0.174±0.086 ng/reaction, control to
day 10, respectively). Lactobacillus spp. was shown to rise
gradually until day 5 (0.0669±0.412 to 0.936±0.0541 ng/re-
action), before decreasing at day 10 (0.402±0.212 ng/reac-
tion) (Fig. 2). Other bacterial genera tested did not show a
noticeable difference between these time points (data not
shown). Values are expressed as mean ± standard error of
mean. Statistical analysis showed no statistical significance
due to low subject number.

Antibiotics

A number of patients received antibiotics prior to collection
of a faecal sample. These patients generally did not exhibit
any marked difference to the changes in microflora, demon-
strated with either culture techniques or quantitative real-
time PCR, compared with patients who did not receive
antibiotics.

Calprotectin

Cohort 1

Faecal calprotectin was increased in 81.25 % of patients (13
of 16) with CD, when compared to healthy controls (data
not shown). The healthy control volunteers (n=2) were
measured at 0.54±0.54 ng/ml (mean ± SEM), whereas the
mean for the patients with CD was 6.82±1.20 ng/ml. Eleven
of the patients in this cohort were diagnosed with gastroin-
testinal cancers, which has previously been indicated as
being a confounding factor in this type of experiment [26].

Cohort 2

In patients with gastrointestinal cancers, faecal calprotectin
was significantly increased in comparison to healthy con-
trols (10.98±1.69 vs 1.82±0.94, p<0.05). Calprotectin lev-
els remained significantly elevated compared to healthy
controls at 2, 5 and 10 days following treatment (data not
shown). However, there was no significant change in cal-
protectin levels pre- and post-treatment (data not shown)
indicating the difficulty of using calprotectin as a mucosal
injury marker in patients with gastrointestinal cancers [26].
Two of the 10 patients in this cohort had breast cancer, and
although extremely small numbers, there was no significant
difference seen in faecal calprotectin levels in pre- and post-
treatment (data not shown).

Serum levels of matrix metalloproteinase-2,
metalloproteinase-3 and metalloproteinase-9

MMP-2 The change in MMP-2 levels over time was assessed
using a linear mixed effects model. According to this model,
there was no significant difference in mean MMP-2 levels
across the three post-treatment time points in comparison to
the pre-treatment serum levels (p=0.64) (Table 2).

MMP-3 A significant change in mean MMP-3 levels was
noted in the serum of patients post-chemotherapy treatment
(p=0.0002) (Table 2, Fig. 3). Pre-treatment MMP-3 levels
were measured to be 0.3±0.1 ng/ml. MMP-3 levels were
significantly increased at 2 and 5 days post-treatment in
comparison to pre-treatment. At 2 days following treatment,
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MMP-3 levels increased to 1.74±0.6 ng/ml (p=0.0001). At
5 days, circulating MMP-3 levels were 1.03±0.3 ng/ml (p=

0.01). MMP-3 levels returned to pre-treatment levels at
10 days following treatment (MMP-3=0.48±0.13 ng/ml).

MMP-9 A significant change in mean MMP-9 levels was
noted in the serum of patients post-chemotherapy treatment
(p=0.02) (Fig. 3). Pre-treatment MMP-9 levels were
measured to be 6±1.4 ng/ml.MMP-9 levels were significantly
increased at 2 days post-treatment (Table 2). At 2 days
following treatment, MMP-9 levels significantly increased to
11.30±2.0 ng/ml (p=0.02). There was no significant change
in MMP-9 at 5 and 10 days post-treatment in comparison to
pre-treatment samples (Table 2).

Serum levels of NF-κB and proinflammatory cytokines
IL-1β and TNF

NF-κB Mean levels of serum NF-κB were increased from
pre-treatment samples at all time points investigated post-
chemotherapy, although this did not reach significance
(Fig. 4). Levels increased at day 2 and day 5 post-treatment
before decreasing, although still not returning to pre-treatment
values at day 10 post-therapy.
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IL-1β Mean levels of serum IL-1β did not show any sig-
nificant change at any time point investigated (p=0.05)
(data not shown).

TNF Mean serum levels of TNF showed increases at days 2
and 10 post-treatment although this did not reach signifi-
cance (Fig. 4). Levels of serum TNF at day 5 post-therapy
were very similar to the levels seen in pre-treatment samples
(p=0.05).

Discussion

Chemotherapy-induced diarrhoea is a common, and poten-
tially life-threatening, side effect of cancer treatment [10].
Unfortunately, there has been very little research conducted
on the underlying mechanisms. Of the total number of
patients undergoing chemotherapy, approximately 20–
40 % are reported to experience severe diarrhoea [7, 8,

27]. The pathophysiology of CD is extensive, complex and
regulated by a number of mechanisms [27] which are yet to
be completely understood. The chemotherapeutic agents
known to commonly cause diarrhoea are 5-fluorouracil,
irinotecan, methotrexate, taxanes, monoclonal antibodies
and hormonal agents among others [10]. In our clinical
study, many of these agents were the causative agents for
CD. Previous in vivo research has also indicated that the
intestinal microflora are involved in chemotherapy-induced
mucositis [7, 8, 27]. This is the first clinical study to exam-
ine potential biomarkers of CD including assessment of
faecal microflora levels, methanogenic archaea and matrix
metalloproteinases.

Key findings from our study indicated marked changes in
the microflora of patients with CD and a change in circulat-
ing MMP-3 and MMP-9 following chemotherapy treatment.
Mucositis, including CD, remains a major clinical problem,
affecting 40 % of patients receiving standard dose chemo-
therapy and 100 % of patients receiving high-dose chemo-
therapy [1]. However, there is currently no prophylactic
intervention available for this condition [1]. Furthermore,
there are no validated grading systems for the assessment of
mucositis development in patients [13]. This has prompted
the need for the identification of a biomarker of gut toxicity

8

6

4

2

0
Pre Day 2 Day 5 Day 10

10

S
er

um
 M

M
P

 le
ve

l (
ng

/m
L) 12

14

16

MMP9

MMP3

*

*

*

Fig. 3 MMP-3 and MMP-9 serum levels in patients from cohort 2.
MMP-3 levels significantly increased at 2 (p=0.0001) and 5 days (p=
0.01) post-treatment in comparison to pre-treatment. MMP-9 levels
were significantly increased at 2 days post-treatment (p=0.02), but
no significant change was seen at 5 and 10 days post-treatment in
comparison to pre-treatment samples

8

6

4

2

0
Pre Day 2 Day 5 Day 10

10

S
er

um
 c

yt
ok

in
e 

le
ve

ls
 (

pg
/m

L)

12 NFkB

TNF

Fig. 4 NF-κB and TNF serum levels in patients from cohort 2. Mean
levels of serum NF-κB were increased from pre-treatment samples at
all time points investigated post-chemotherapy, although this did not
reach significance. Mean serum levels of TNF showed increases at
days 2 and 10 post-treatment although this did not reach significance

Table 2 Mean changes in serum
MMP levels (nanogramme per
millilitre) post-treatment

*p=0.0001; **p=0.01;
***p=0.02

Healthy control Pre-treatment 2 days
post-treatment

5 days
post-treatment

10 days
post-treatment

MMP-3 0.1345 0.30325 1.740125* 1.035688** 0.479938

MMP-9 9.487 6.00694 11.2975*** 7.770438 4.168313

MMP-2 18.38 25.6961 27.12806 28.54081 26.68544
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in response to cytotoxic anti-cancer treatment. To date, a
wide range of biomarkers have been investigated in relation
to gut toxicity including citrulline [28], calprotectin [16] and
the proinflammatory cytokines [29]. Findings from such
studies have highlighted the difficulties in identifying a
biomarker for mucositis. This is due in part to (1) our lack
of understanding its pathobiology and (2) the fact that
mucositis is multifactorial, often arising from a combination
of pathologies.

The present study demonstrated marked changes in the
microflora of patients with CD. It is highly likely that these
changes play a critical role in the development of CD in
these patients, with numerous studies indicating that intes-
tinal microflora may be involved in chemotherapy-induced
diarrhoea and mucositis [7, 8, 27]. The changes seen in this
study varied between patients, and this may be due to a
variety of reasons, including but not limited to natural
variation between subjects, due to age, gender, race and
dietary influence [30]. However, when we differentiated
gender, we found no differences. There were not enough
enrolled patients in our study to further differentiate into age
groups, and race and dietary influence were unknown. An-
tibiotic use was shown not to influence the results in CD
patients, with patients who received antibiotics showing
similar changes to patients who did not receive antibiotics.

The individual effects of each chemotherapy agent may
be another reason for the variability seen in our study.
Previously, animal studies have demonstrated changes to
intestinal microflora with a variety of different chemothera-
py agents [7, 8, 27], with different changes observed with
each chemotherapy agent used. We propose that any differ-
ences seen may be due to the different classes and subse-
quent different mechanisms of action of chemotherapy
agents. Irinotecan is an example of one agent where the
intestinal flora are hypothesised to play a role in the actual
metabolism of the drug [7]. Whilst the metabolism of irino-
tecan has been published in detail previously [31], in brief,
the intestinal microflora are thought to produce β-
glucuronidase, which is able to hydrolyse SN-38G (the less
toxic metabolite from irinotecan), once transported to the
intestine, to SN-38 (the toxic metabolite) resulting in the
characteristic damage and diarrhoea [31].

Whilst alteration to microflora is unlikely to be the sole
foundation of CD, it is likely to substantially contribute. The
intestinal bacteria provide a variety of functions that mam-
malian species have not yet evolved in exchange for resi-
dence and access to nutrients in the luminal contents [32].
Protection is one such function, where the intestinal micro-
biome is able to prevent colonisation by pathogens [33].
Metabolism of bilirubin, intestinal mucins, pancreatic
enzymes, fatty acids, bile acids, cholesterol, carbohydrates
and steroid hormones are also important features required for
normal gut function [34]. Other functions of gastrointestinal

bacteria include nutrient processing, regulation of intestinal
angiogenesis and immune functions [34]. Bifidobacterium
spp. is known to colonise the gastrointestinal tract soon after
birth [35] and plays a pivotal role in maintaining the micro-
bial balance in the healthy gastrointestinal tract [36].

Methanogenic archaea remove hydrogen (H2) gas from
the intestine by producing methane (CH4) [37]. A recent
study has shown that serotonin (a neurotransmitter regulat-
ing gut peristalsis) is linked to CH4 [38]. A reduction in CH4

would lead to a reduction in serotonin, leading to decreased
control of gut peristalsis which may contribute to CD.
Methanogens are also slow-growing organisms and may
be displaced during the rapid gut transit associated with
diarrhoea [39]. Previous studies have suggested the func-
tionality of methanogens may be dependent on the presence
and/or activity of other microbial groups [40], for example,
those with the fermentation capacity to produce adequate H2

to support methanogenesis in a competitive environment. In
the present study, we hypothesise that the decrease in other
bacteria may have resulted in the decrease in methanogens
and hence may have contributed to CD.

A recent study has proposed that abrupt changes in the
microbiome may result in excessive generation of reactive
oxygen species (ROS) in the epithelium [41]. The previous-
ly proposed five-phase model of mucositis involves an up-
regulation and message generation phase, whereby ROS are
strongly implicated in the up-regulation of NF-κB, and
subsequent up-regulation of pro-inflammatory cytokines,
inducing inflammation, apoptosis and tissue injury [42].
We have demonstrated in the present study increases in
patient in serum levels of the transcription factor NF-κB
after chemotherapy, and these had still not returned to pre-
treatment levels by day 10. Further, we showed increases in
serum pro-inflammatory cytokines, IL-1β and TNF follow-
ing cytotoxic therapy. Although these increases did not
reach significance, this was most probably due to the small
cohort size. We further hypothesise that the changes to
intestinal microflora, as reported in this study, may be partly
responsible for initiating the NF-κB pathway, resulting in
increases in serum levels of NF-κB. This in turn leads to up-
regulation of pro-inflammatory cytokine, extensive intesti-
nal damage and subsequent diarrhoea. Studies now need to
focus on further exploring this relationship in larger cohorts
of patients.

The present study also demonstrated a significant in-
crease in circulating MMP-3 and MMP-9 levels following
chemotherapy treatment. Past studies have demonstrated
that MMPs play a key role in the pathogenesis of mucositis
[9, 43]. Hence, it is plausible to suggest that an increase in
circulating MMPs may potentially serve as an excellent
marker of the inflammatory response induced by chemo-
therapeutic agents. To date, no studies have been conducted
to explore whether tissue changes in MMP levels are
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translated systemically. Although an increase in serum
MMPs was noted in this study, no association was found
between MMP levels and the observation of GI toxicity.
These findings suggest that (1) there is an inflammatory
response after treatment which is not confined to the gas-
trointestinal tract or (2) the symptoms reported following
treatment are a poor indicator of underlying pathology [44].
The latter is a more plausible explanation for the lack of
association observed in this small study. Confirmation of
these findings in a larger patient cohort is now required as
biomarker studies require adequate sample size calculation
above all else in order to rule out false negative or false
positive results.

Past studies have illustrated the complexity of mucositis
pathogenesis and emphasised the importance of assaying a
combination of biomarkers rather than just one when assess-
ing mucositis [44]. Furthermore, Lutgens and colleagues have
identified two criteria for a biomarker of gastrointestinal
toxicity which are (1) that it is easily accessible to clinicians
and (2) that it must work independently of each patient’s
medication and metabolic activities such as individual diet
and nutrition [28]. The latter of these criteria means that any
one biomarker would require extensive validation for us to be
able to make an association with gut injury as not all phys-
iological changes occurring after cytotoxic treatment are re-
flective of tissue damage [44]. In the present study, patients
were on various treatment regimens, at different cycle numb-
ers and not controlled for age or gender. All of these factors
are crucial when investigating the relation between patholog-
ical and physiological responses. Hence, larger, multi-
institutional studies are now required to follow-up on these
preliminary findings.

In conclusion, we have demonstrated that CD is associ-
ated with marked changes in the intestinal microflora, meth-
anogenic archaea, circulating matrix metalloproteinases and
serum levels of NF-κB, IL-1β and TNF. These changes may
result in diminished bacterial functions within the gut, alter-
ing gut function and initiating intestinal damage, resulting in
the onset of diarrhoea. More importantly, these changes may
provide clinicians with a possible new target for biomarkers
of toxicity.
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