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Abstract

Irinotecan-induced mucositis is a major oncological problem. Goblet cells secrete mucus, protecting the intestinal mucosa,
with secretion altered during mucositis. The enteric nervous system is involved in regulating gut motility and secretion. The
aim of this study was to determine whether enteric neural cells and goblet cells are altered following irinotecan treatment.
Tumour-bearing Dark Agouti rats were administered a single dose of 175 mg/kg of irinotecan intraperitoneally and 0.01 mg/
kg atropine subcutaneously. Experimental and untreated control rats were killed at times 6, 24, 48, 72, 96 and 120 h after
treatment. Jejunum and colon samples were formalin fixed. Haematoxylin and eosin staining, Alcian Blue—PAS staining,
and immunohistochemistry with S-100 antibody (neural cell marker) were carried out. Statistical analyses were carried out
using Kruskal-Wallis test with Dunns post test, Mann Whitney U test, and nonlinear regression. Total goblet cells decreased
at 72 h compared with controls in the colon (p <0.05). The percentage of cavitated goblet cells decreased compared to all
other time points at 120 h in the colon. The number of S-100-positive cells in the submucosal plexus decreased in the colon
(»=0.0046) and in the myenteric plexus of the jejunum and colon (p =0.0058 and p =0.0022, respectively), on comparing
treated with control. Enteric ganglia in the myenteric plexus of the jejunum decreased at 24 h and 96 h. Irinotecan-induced
mucositis is associated with increases in mucus secretion and enteric neural cell change. These changes may contribute to
the pathophysiology of mucositis through the dysregulation of neural signalling.
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Introduction

Alimentary mucositis (AM) is a severe, dose-limiting, toxic
side effect of cytotoxic chemotherapy and radiotherapy,
affecting the entire alimentary tract from mouth to anus [7,
8], and occurring in more than 40% of standard-dose chemo-
therapy patients and in 100% of high-dose chemotherapy
patients [15, 16, 26]. Symptoms include mouth ulceration,
abdominal pain, nausea, vomiting, abdominal bloating, and
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diarrhoea [14, 16, 36]. Alimentary mucositis often leads to
reductions in treatment, which may lead to reduced survival
[7, 35] and the need for nutritional adjuncts, including fluid
replacement, liquid diets, and total parenteral nutrition,
translating to a substantial cost increase per cycle of chemo-
therapy [7, 8]. Currently, there are no effective preventions
or treatments for AM [17, 33, 37].

Mucin expression and secretion have been shown to be
associated with mucositis [6, 30, 39—43]. Mucins are high
molecular weight acidic glycoproteins secreted by goblet
cells [13, 28, 38] and consist of two structurally and func-
tionally different subfamilies: secretory gel forming (Muc2,
Muc5AC) and transmembrane mucins (Mucl, Muc3, Muc4).
Muc2 and Muc4 expression have both been shown to signifi-
cantly decrease in the jejunum following irinotecan adminis-
tration. Muc2 was shown to also be significantly decreased
[39] in the colon following irinotecan administration [39].
Furthermore, Muc2 knockout (Muc2_/ ~) mice have been
shown to have significantly reduced weight compared to
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wild-type mice in a methotrexate-induced mucositis model,
with a mortality rate of 75% in the Muc2 ™~ mice compared
to 0% in wild-type mice [6]. Mucins mediate between the
luminal contents and the mucosa by protecting the mucosa
from bacterial overgrowth, penetration and digestion, and
providing attachment sites for commensal bacteria [28, 38].
Mucins also help facilitate lumen to epithelial signalling [4].
Sulphated mucins increase the viscosity and decrease bacte-
rial digestion of the mucin barrier [29]. This may decrease
mucin barrier loss during mucositis, decreasing mucosal
damage and bacterial translocation from the lumen. Mucus
composition and mucin expression have not yet been inves-
tigated in a tumour-bearing model of mucositis; therefore,
the aims of this study are to determine changes in mucin
composition during mucositis.

Dark Agouti mammary adenocarcinoma (DAMA)-
bearing rats have been shown to have significantly worse
mucositis (with increased mortality, increased severity and
incidence of diarrhoea, and increased histological markers
of damage) compared to tumour-naive rats with higher lev-
els of diarrhoea and an increased mortality [1]. Mammary
adenocarcinomas have also been shown to have an increased
IL-6 level [34], which may alter mucin secretion and subse-
quently affect mucin barrier composition [19].Therefore, the
aims of this study are to determine changes in mucin com-
position and expression of muc2 and muc4 during mucositis
in the tumour-bearing model.

Methods
Ethics

Ethical approval for the use of animals was obtained from
the Animal Ethics Committees of the Institute of Medi-
cal and Veterinary Science (IMVS) and the University of
Adelaide (approval number M-2010-118A), and complied
with the National Health and Medical Research Council,
Australia Code for the care and use of animals for scientific
purposes (2013).

Tumour passage

The Dark Agouti mammary adenocarcinoma (DAMA)
model used in this study has been used extensively [2, 9,
11, 12] as previously described [11]. Briefly, tumours were
diced, homogenised, and filtered through sterile gauze. The
tumour suspension was spun three times at 1100 rpm for 3
min each time, with the pellet resuspended in fresh phos-
phate-buffered saline (PBS) each time. A viable cell count
was carried out using 0.4% v/v trypan blue.
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Experimental design

All experiments were carried out in female DA rats,
weighing between 150 g and 170 g. The rats were single-
housed in an animal facility regulated at 22+ 1 °C and
subject to a 14:10 h light—dark cycle. All rats received
tumour inoculum of 4.0 x 10° cells in 0.5 mL sterile PBS
subcutaneously into each flank. Tumours were established
for 10 days prior to rats receiving irinotecan. Rats were
monitored four times daily, and if any rat showed a dull
ruffled coat with accompanying dull and sunken eyes,
was cold to touch with no spontaneous movement and a
hunched appearance, or had a tumour size greater than
10% of its body weight, it was euthanised.

Forty-one rats were randomly assigned to groups
according to time point, with final numbers able to be
used for analysis as follows: control (6), 6 h (5), 24 h (5),
48 h (5), 72h (8), 96 h (5), 120 h (6). Each experimental
rat received 0.01 mg/kg of atropine subcutaneously (sc)
to reduce cholinergic reaction, followed by 175 mg/kg
irinotecan intraperitoneally (ip). Irinotecan (supplied by
Pfizer, Kalamazoo, Michigan, USA) was administered in
a sorbitol/lactic acid buffer (45 mg/ml sorbitol, 0.9 mg/ml
lactic acid, pH 3.4), required for activation of the drug, at
time designated O h. Control rats received sorbitol/lactic
acid buffer (vehicle) and atropine only. Rats were killed
using deep anaesthesia with 3% isofluorane in 100% O,,
followed by exsanguination and cervical dislocation at
times 6 h, 24 h, 48 h, 72 h, 96 h, and 120 h post-irinotecan
treatment.

The gastrointestinal tract (GIT) was dissected out from
the pyloric sphincter to the rectum, and separated into the
small intestine (pyloric sphincter to ileocaecal sphincter)
and colon (ascending colon to rectum). The small intes-
tine (SI) was flushed with chilled, sterile distilled water,
and 1 cm samples were collected at approximately 25%,
50%, and 75% of the length for histology. The colon was
also flushed with chilled sterile, distilled water. Samples
(1 cm) were collected at approximately 50% of the length
for histology. Samples for histology were fixed in 10%
neutral buffered formalin, processed and embedded in par-
affin. Samples were also collected for molecular analy-
sis. Mucosa was scraped from the small intestinal pieces
of tissue and stored at —80 °C for RNA extraction later
using Aurum™ Total RNA Mini Kit (Bio-Rad, California,
USA).

Analysis of goblet cells

Goblet cells and mucins were analysed histologically using
Alcian Blue/PAS staining, as previously described [39].
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Briefly, sections were dewaxed in xylene and rehydrated
in a graded series of ethanol. Staining was carried out
in Alcian Blue (1% Alcian Blue 8GX (CI 74,240) in 3%
glacial acetic acid) for 5 min. Sections were then rinsed
in distilled water, then oxidised with 1% periodic acid.
Washing was carried out in running tap water, prior to
rinsing in distilled water. Sections were treated for 15 min
in Schiff’s reagent, then washed for 7 min in running tap
water. Sections were dehydrated, cleared, and mounted.
Analysis was carried out under 20X magnification. Total
goblet cells and paired goblet cells (adjacent goblet cells
with no enterocytes between, representing enterocyte cell
death) were counted for each section in at least 15 com-
plete villi and crypts. Paired goblet cells were expressed
as a percentage of total goblet cells.

Analysis of sulphated mucins

Sulphated mucins were analysed in intestinal goblet cells
using high iron diamine staining. Briefly, sections were
dewaxed in xylene and rehydrated through a graded series
of ethanols and stained in high iron diamine solution (2.4%
N,N-dimethyl-meta-phenylenediamine dihydrochloride,
0.4% N,N-dimethyl-para-phenylenediamine dihydrochlo-
ride, 2.8% v/v 10% ferric chloride) for 18-24 h. Sections
were then washed in running tap water for 2 min and couter-
stained in 1% Alcian Blue in 3% glacial acetic acid for 5 min.
Sections were then washed in running tap water, rehydrated,
cleared, and mounted. Sections were then analysed under
20X magnification. Sulphated goblet cells were counted per
crypt (minimum of 15 complete villi and crypts per section).

Immunohistochemistry

To investigate whether mucin expression is affected by
chemotherapy, anti-Muc?2 (Santa Cruz Biotechnology, Cali-
fornia, USA) and anti-Muc4 (Thermo Fisher, Carlsbad, Cali-
fornia, USA) antibodies were used. Sections (4 um) were
placed onto silane-coated slides (HD Scientific, Sydney,
New South Wales, Australia) and heated to 60 °C for 2 h
on a heating block. Sections were dewaxed in xylene and
rehydrated through graded ethanols and distilled water, fol-
lowed by PBS. Endogenous peroxidases were blocked with
3% hydrogen peroxide in methanol for 1 min. Non-specific
antibody binding was blocked with blocking solution (Ultra
Streptavidin HRP kit, Signet, Dedham, Massachusetts,
U.S.A) for 30 min. After washing in PBS, endogenous avi-
din and biotin were blocked using the Avidin and Biotin kit
(Vector Laboratories, Burlingame, California, USA).
Sections were incubated with either rabbit polyclonal
anti-Muc?2 antibody (1:700, 0.3 pg/mL) for 1 h at room
temperature (RT) or mouse monoclonal anti-Muc4 anti-
body (1:100, 0.5 pg/mL) for 18 h at 4 °C. Sections were

washed in PBS (3 X5 min), incubated with Linking reagent
(Ultra Streptavidin HRP kit) for 30 min, then washed in
PBS (3 x5 min). Labelling reagent was then applied for
30 min, then washed in PBS (3 X5 min). Staining was
visualised using 3,3’-diaminobenzidine (DAB) and coun-
terstained using haematoxylin, before dehydrating and
coverslipping. Total positive cells for Muc2 and Muc4
were counted in a minimum of 15 complete villi and crypts
for each section. Staining intensity was also used to ana-
lyse change in expression, based on a previously validated
technique (Bowen, Gibson et al. [10]), where 0 =negative,
1 =weak, 2 =moderate, 3 =strong, and 4 = very intense.

RNA isolation

RNA was extracted from small intestinal mucosal scrap-
ings with Aurum™ Total RNA Mini Kit (Bio-Rad, Cali-
fornia, USA), according to the manufacturer’s instructions.
Briefly, mucosal scrapings (40 mg) from the jejunum and
colon were added to a 2 mL RNase-free tube. Lysis solu-
tion was added immediately and the solution was vortexed
for 1 min. The lysate was centrifuged for 3 min and the
supernatant transferred to a 2 mL capped microcentrifuge
tube and mixed with 700 uL of 60% ethanol. The lysate
was decanted into a RNA binding column and wash tube,
and centrifuged for 1 min. The filtrate was discarded, and
700 pL of low stringency wash solution was added, and
centrifuged for 30 s. The binding column was treated with
DNAse at room temperature for 25 min, then washed with
high stringency washing solution and centrifuged for
30 s. The filtrate was discarded, and the binding column
washed with 700 pL low stringency washing solution, and
centrifuged for 1 min. The filtrate was discarded, and the
binding column was centrifuged for 2 min to dry. Elution
solution was added to the binding column in a 1.5 mL
capped microcentrifuge tube to elute the RNA. RNA was
analysed with a NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, Del., USA) to determine purity
and concentration.

cDNA conversion

RNA was converted to cDNA using the iScript™ cDNA
Synthesis Kit (Bio-Rad, California, USA). Briefly, 4 uL 5X
iScript reaction mix, 1 pL iScript reverse transcriptase, and
1 uL of RNA template were added. Samples were made up
to 20 uL with nuclease-free water. Samples were then incu-
bated for 5 min at 25 °C, then 30 min at 42 °C and 5 min at
85 °C. The transcribed samples were analysed using a Nan-
oDrop (NanoDrop Technologies, Wilmington, Del., USA)
and diluted to create a working 100 ng/uL. cDNA solution.
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Real-time PCR

Real-time PCR was performed using a Rotor-Gene Q (Qia-
gen, Sydney, Australia). The amplification mixes contained
2 uL of cDNA, 5 puL of 2X SYBR green (Bio-Rad Laborato-
ries Inc. USA), 3 uL nuclease-free water and 0.5 uL of for-
ward and reverse primers (GeneWorks, Adelaide, Australia),
making a final volume of 10 ul. Thermal cycling conditions
were individually optimised for each primer set (Table 1).
Ubiquitin C (UBC) and beta-2-microglobulin (B2M) were
used as housekeeping genes for relative quantification for
each gene of interest. All experiments were repeated in trip-
licate, with experimental thresholds (Ct) calculated by Rotor
Gene 6 program. Pfaffl quantification [25] was used, based
on primer efficiencies, to determine the fold change com-
pared to control rats.

Statistical analysis

Statistical analyses were performed using Kruskal-Wallis
test for non-parametric data with secondary Dunn’s compar-
ative test to determine the difference between mean ranks,
using GraphPad Prism 6.0 (Graphpad software, Califorina,
USA). Non-parametric linear regressions were also analysed
using StatalC12 (StataCorp LP, Texas, USA). Differences
between mean ranks were determined to be significant at
p<0.05. Cohen’s D tests to determine clinical significance
were also carried out as a measure of effect size. The effect
was considered small if d>0.20, moderate if d>0.50, and
large if d>0.80 [5].

Results

Goblet cells

Jejunum

Percentage of paired goblet cells Paired goblet cells were

analysed as an indicator of enterocyte death, as goblet cells
are not usually adjacent. The percentage of paired goblet
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Fig. 1 Paired goblet cells. a Jejunum and villus goblet cells; unpaired
(left), paired (right). b Percentages of paired goblet cells of total gob-
let cells in the villi of the jejunum after irinotecan administration
(*denotes statistical significance where p <0.05 compared to the con-
trol)

cells (of total goblet cells) in the villi of the jejunums of
vehicle control rats was 1.2 +0.5%. The percentage of paired
goblet cells for irinotecan-treated rats increased significantly
(»p=0.008) at 72 h (32.1+3.9%, d=—15.2, large effect) and
96 h (20.0+5.2%, d=—-3.0, large effect) (Figs. 1, 3). Paired

Table 1 Primer sequences and

) - X Gene Primer sequence (5’ —3') Amplicon Annealing (°C) Cycles
cycling conditions for real-time 1
ength
PCR
UBC F: TCGTACCTTTCTCACCACAGTATCTAG 82 55-60 35-40
R: GAAAACTAAGACACCTCCCCATCA
B2M F: CGAGACCGATGTATATGCTTGC 114 55-60 35-40
R: GTCCAGATGATTCAGAGCTCCA
Muc2 F: GCCAGATCCCGAAACCA 127 55 35
R: TATAGGAGTCTCGGCAGTCA
Muc4 F: ATACATCAACTACATCAGCC 174 60 40

R: CTCTGAGGAAGTGTTGTTAT
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goblet cells could not be determined in crypts due to the
close proximity of crypt epithelial cells.

Sulphated goblet cells Sulphated goblet cells were demon-
strated with high iron diamine staining. In vehicle control
rats, the numbers of sulphated goblet cells in the jejunum
were 4.2+0.9 and 2.3+0.5 per villus and crypt, respec-
tively. In the villi of irinotecan-treated rats, sulphated goblet
cells were lowest at 6 h (3.6+ 1.0, d=0.2, small effect) and
highest at 96 h (6.0+2.2, d = —0.5, small effect). In the
crypts, sulphated goblet cells were lowest at 72 h (1.2 +0.6,
d=0.8, medium effect, data not shown) and highest at 96 h

Sulphated Goblet Cell Staining

D Sulphated Mucins (Jejunum)

(3.2+1.0,d = —-0.5, small effect). The number of sulphated
goblet cells in the colon of vehicle control rats was 4.1 +1.0
per crypt. In irinotecan-treated rats, the number of sulphated
goblet cells was lowest at 6 h following treatment (1.4 +0.7,
d=1.3, large effect) (Fig. 2).
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Fig.2 High Iron diamine staining. a Jejunum. b Colon (original mag-
nification 20X). ¢ Counts of goblet cells containing sulphated mucins
in the villi of the jejunum. d Counts of goblet cells containing sul-

phated mucins in the crypts of the jejunum. e Counts of goblet cells
containing sulphated mucins in the crypts of the colon
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Mucin composition and distribution
in goblet cells

Muc2 expression

Immunohistochemistry was used to investigate the number
of Muc2-positive cells in the intestine. In the jejunums of
vehicle control rats, the numbers of Muc2-stained goblet
cells were 15.1+2.0 and 4.8 + 0.8 (mean + SEM) per vil-
lus and crypt, respectively. In irinotecan-treated rats, the
numbers of Muc2-stained goblet cells declined in the villi
at 6 h (9.6+0.7, d=1.7, large effect) and in the crypts
at 48 h (0.6 +0.16, d=3.8, large effect). The numbers of
Muc2-stained goblet cells were highest in the villi and
crypts at 96 h (20.7 + 3.1 and 9.2 + 1.6, respectively, d=

Control  6h 24h 48h

Fig. 3 Immunohistochemistry of Muc2 positively stained goblet cells.
a Jejunum, villus, and crypt sections. b Jejunum, counts of Muc2-
positive goblet cells per villus or crypt. ¢ Colon, crypt sections. d
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—0.9 and — 1.6, respectively, large effects). The mean
ranks of Muc2-stained goblet cells in the villi and crypts
deviated significantly across groups (p=0.0181 and
p=0.0007, respectively) (Fig. 3).

In the colon, the number of Muc2-stained goblet cells
was 11.4+ 1.5 per crypt in vehicle control rats. In irinote-
can-treated rats, the number of Muc2-stained goblet cells
decreased significantly at 72 h (4.0+1.0, p<0.05, d=2.3,
large effect). The mean ranks of Muc2-stained goblet cells
in the colon also deviated significantly across groups
(p=0.0255, Fig. 3).

Real-time PCR was used to compare gene expression
of Muc2 between vehicle control and irinotecan-treated
rats in the jejunum, based on the immunohistochemistry
results. Muc2 gene expression did not change following
irinotecan treatment (Fig. 4).
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Muc4 expression

Immunohistochemistry was used to investigate the number
of Muc4-positive goblet cells. In the jejunum, the numbers
of Muc4-stained goblet cells were 13.4+3.1 and 5.1 +1.1
per villus and crypt, respectively. In irinotecan-treated rats,
the numbers of Muc4-stained goblet cells were highest in
the villi at 96 h (20.3+3.8, d = — 0.9, large effect) and in
the crypts at 120 h (7.3+ 1.2, d = — 0.8, medium effect).
The mean ranks of Muc4 expression in the crypts deviated
significantly across groups (p =0.0134) (Fig. 5).

In the colon, the number of Muc4-stained goblet cells
was 8.9+ 2.5 per crypt in vehicle control rats. In irinote-
can-treated rats, the number of Muc4-stained goblet cells
decreased significantly at 72 and 96 h (1.8 +0.45 and
1.3+0.5, respectively, p <0.05 for both, d=2.3, large
effect). The mean ranks of Muc4-stained goblet cells in the
colon deviated significantly across all groups (p =0.0055)
(Fig. 5).

Real-time PCR was used to compare the relative gene
expression of Muc4 between vehicle control and irinotecan-
treated rats in the jejunum. Muc4 gene expression did not
change following treatment with irinotecan (Fig. 4).

Non-parametric regression

Non-parametric regression analysis demonstrated a strong
correlation between Muc2 and Muc4 expression in both the
villi and crypts in the jejunum (Fig. 6) (Table 2).

Discussion

GI mucositis is a severe, dose-limiting, toxic side effect of
cytotoxic chemotherapy and radiotherapy [7, 8], often lead-
ing to reductions in treatment and reduced survival [7, 35].
Mucin composition and secretion is believed to be involved
in the pathophysiology of mucositis, based on previous stud-
ies [6, 30, 31, 39, 40, 43]. This study has, for the first time,
investigated mucin expression, at both a protein and genetic
level, during irinotecan-induced mucositis in a tumour-bear-
ing rat model and also demonstrated enterocyte loss during
mucositis.

Paired goblet cells (expressed as a percentage of total
goblet cells) significantly increased in the villi of the jeju-
num at 72 and 96 h, which suggests increased enterocyte cell

Fig.6 Non-parametric regres- H
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Muc4 expression parameters .
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Table 2 Non-parametric regression analysis of Muc2 vs Muc4 expression parameters (jejunum)

Gutregion  Dependent variable Independent variable Coefficient ~ 95% CI coefficient ~ Pseudo R?

Jejunum Muc2 gene expression Neural cells (per mm, myenteric plexus) 0.03 0.00 0.02
0.06

Jejunum Muc2 THC expression (cells/villus) Total goblet cells (villus) 0.55 0.32 0.36
0.77

Jejunum Muc2 IHC expression (cells/villus) Total goblet cells (crypt) 0.89 0.48 0.34
1.30

Jejunum Muc2 IHC expression (cells/villus) Cavitated goblet cells (villus) 0.77 0.33 0.22
1.22

Jejunum Muc2 IHC expression (cells/villus) Cavitated goblet cells (crypt) 1.19 0.68 0.32
1.70

Jejunum Muc2 IHC expression (cells/villus) Muc?2 IHC expression (cells/crypt) 1.00 0.31 0.26
1.69

Jejunum Muc2 IHC expression (cells/villus) Muc4 IHC expression (cells/villus) 0.81 0.55 0.36
1.08

Jejunum Muc2 IHC expression (cells/villus) % Cavitated goblet cells (villus) -0.33 —-0.57 0.20
—0.09

Jejunum Muc2 IHC expression (cells/crypt) Cavitated goblet cells (crypt) 0.71 0.25 0.20
1.18

Jejunum Muc?2 IHC expression (cells/crypt) Muc4 gene expression -8.25 —-16.26 0.10
-0.24

Jejunum Muc2 IHC expression (cells/crypt) Muc2 IHC expression (cells/villus) 0.47 0.24 0.17
0.69

Jejunum Muc2 IHC expression (cells/crypt) Muc4 IHC expression (cells/villus) 0.34 0.09 0.14
0.59

Jejunum Muc?2 IHC expression (cells/crypt) Muc4 IHC expression (cells/crypt) 1.00 0.70 0.35
1.30

Jejunum Muc2 IHC expression (cells/crypt) % Cavitated goblet cells (villus) -0.17 -0.30 0.11
-0.04

Jejunum Muc4 IHC expression (cells/villus) Total goblet cells (villus) 0.57 0.40 0.35
0.74

Jejunum Muc4 THC expression (cells/villus) Total goblet cells (crypt) 0.57 0.06 0.11
1.07

Jejunum Muc4 THC expression (cells/villus) Cavitated goblet cells (villus) 0.67 0.20 0.18
1.13

Jejunum Muc4 IHC expression (cells/villus) Muc2 IHC expression (cells/crypt) 1.16 0.43 0.13
1.89

Jejunum Muc4 THC expression (cells/villus) % Cavitated goblet cells (villus) -0.35 -0.56 0.18
-0.14

Jejunum Muc4 IHC expression (cells/crypt) Total goblet cells (crypt) 0.50 0.16 0.16
0.84

Jejunum Muc4 IHC expression (cells/crypt) Cavitated goblet cells (villus) 0.46 0.16 0.17
0.76

Jejunum Muc4 THC expression (cells/crypt) Cavitated goblet cells (crypt) 0.79 0.40 0.25
1.18

Jejunum Muc4 IHC expression (cells/crypt) Muc?2 IHC expression (cells/villus) 0.35 0.10 0.21
0.59

Jejunum Muc4 IHC expression (cells/crypt) Muc2 IHC expression (cells/crypt) 0.66 0.34 0.31
0.97

Jejunum Muc4 IHC expression (cells/crypt) Muc4 THC expression (cells/villus) 0.31 0.11 0.22
0.52

Jejunum Muc4 IHC expression (cells/crypt) % Cavitated goblet cells (crypt) -0.21 -0.39 0.13
—0.04

Colon Muc?2 IHC Expression (Cells/Crypt)  Total goblet cells (crypt) 0.55 0.28 0.16
0.81

@ Springer



902

Cancer Chemotherapy and Pharmacology (2019) 83:893-904

Table 2 (continued)

Gutregion  Dependent variable

Independent variable

Coefficient  95% CI coefficient  Pseudo R?

Colon Muc4 IHC expression (cells/crypt)

Time (post-irinotecan) 0.18 0.01 0.03

0.34

death as goblet cells are not usually found adjacent in the
intestine. This is likely to affect the ability of the intestine to
carry out functions usually undertaken by enterocytes, such
as secretion and absorption, and mucosal barrier function.
Downstream effects of impaired secretion and absorption
include malnutrition, a known complication of cancer treat-
ments [18, 24].

Previous studies in non-tumour-bearing rat models for
chemotherapy-induced mucositis have demonstrated goblet
cells and mucins to be affected by chemotherapy agents,
5-FU and irinotecan [39, 40]. However, the model used in
this study includes tumours, which may add an additional
immunological load, and has investigated genetic expres-
sion of Muc2 and Muc4 in addition to protein expression in
these earlier studies. The findings of this study are consist-
ent with previous studies in non-tumour-bearing rat models
for chemotherapy-induced mucositis [39, 40]. Whilst no
solid conclusions regarding the impact of the tumour can be
made from this study, the similarity of findings may suggest
that this mammary adenocarcinoma may not affect intesti-
nal mucins. However, the model used in this study includes
tumours, which may add an additional immunological load,
and has investigated genetic expression of Muc2 and Muc4
in addition to protein expression in these earlier studies. Spe-
cifically, Muc2 and Muc4 expression tended to decrease in
the crypts of the jejunum, and Muc?2 expression was shown
to be significantly decreased at 72 h in the colon following
irinotecan administration in both this study and the previous
non-tumour-bearing study using irinotecan [42]. Sulphated
mucins in the jejunum tended to increase (not significant)
following irinotecan administration, similar to findings in the
above-mentioned previous study by Stringer and colleagues,
which also demonstrated an increase in sulphated mucins
in an irinotecan-induced DA rat model of mucositis [42].
Sulphated mucins increase the viscosity and decrease bacte-
rial digestion of the mucin barrier [29]. This increase may
be in response to the damage, in an effort to restore mucin
barrier integrity and function during mucositis, potentially
preventing further mucosal damage and bacterial transloca-
tion from the lumen.

The number of Muc2-positive cells significantly
decreased in the crypts of the colon at 72 h, and the number
of Muc4-positive cells also declined. Gene expression of
Muc?2 and Muc4 using real-time PCR has not been previ-
ously examined in a mucositis setting. This study has shown
for the first time that gene expression of Muc2 and Muc4 did
not alter significantly during irinotecan-induced mucositis.

@ Springer

The most likely explanation of the decrease in Muc2-posi-
tive cells without corresponding genetic changes following
irinotecan is the chemotherapy-induced damage to goblet
cells and mucins resulting in less goblet cells being present.
This suggests a rapid exocytosis of mucins from goblet cells.
This rapid secretion of mucin may also contribute to the
decreased levels of Muc2 and Muc4 in goblet cells. This
decrease in Muc2 may lead to a subsequent loss of mucus
barrier integrity, affecting mucosal protection and increasing
susceptibility to luminal insults.

Nitric oxide (NO) has been previously shown to stimu-
late mucin exocytosis, decreasing mucin stores [3, 27]. NO
is created by three isoforms: inducible (iNOS), epithelial
(eNOS), and neuronal nitric oxide synthase (nNOS). iNOS
has been shown to be up-regulated in response to inflam-
mation, generating a sustained increase in NO [23]. Inflam-
matory activity has also been shown to increase during
mucositis, demonstrated through increased expression of
pro-inflammatory cytokines [20, 41]. nNOS is an enteric
neurotransmitter. This might suggest an increase in inflam-
mation or dysfunction of the ENS may be contributing to the
rapid mucus exocytosis.

The decrease in Muc2 and Muc4 expression in goblet
cells in this study supports the suggestion that depletion of
mucin stores may result in loss of integrity to the mucus
barrier during mucositis. This may mean maintaining mucin
levels may be a clinically viable way of reducing the patho-
physiology of mucositis. An intervention study by Yama-
moto et al. [45] supports this; lafutidine, which stimulates
mucin accumulation, inhibited cisplatin-induced body
weight loss in male Wistar rats and had significantly more
mucin content in the ileal mucosa (P <0.05) [45]. While
this might be the result of reduced mucin loss from lafu-
tidine reducing the severity of mucositis, it is unlikely as
famotidine was less effective in inhibiting weight loss com-
pared to lafutidine in the same study [45]. This suggests
that maintaining mucin content might be of clinical use in
reducing mucositis. Furthermore, as there is no increase in
gene expression for Muc2 or Muc4, the production is not
up-regulated to offset mucin loss, and therefore the effects
of mucin depletion may persist long term in the intestine,
meaning maintenance of mucin content may be important
after mucositis symptoms have ceased.

Further long-term studies should be carried out to
investigate when mucin stores return following chemother-
apy-induced mucositis. This information could be valu-
able when predicting how susceptible patients will be to
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chemotherapy-induced intestinal mucositis in subsequent
cycles, based on the level of integrity of the mucus bar-
rier, how it changes over time, and when mucin stores
may return.

In conclusion, this study has, for the first time, demon-
strated preliminary evidence of enterocyte cell death, sug-
gesting secretory and absorptive enterocyte functions may
be reduced and mucosal barrier integrity lost. Furthermore,
this study has determined irinotecan-induced mucositis is
associated with changes in Muc2 and Muc4 expression in
goblet cells. These phenomena may be the result of up-reg-
ulated inflammatory signalling or altered ENS signalling,
affecting mucus secretion and therefore resulting in systemic
effects from the subsequent loss of mucosal barrier integrity.
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