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Introduction

Chemotherapy for cancer can cause significant gut toxicity 
leading to severe clinical manifestations affecting the entirety of 
the gastrointestinal tract (GIT).1 Symptoms including but not 
limited to pain, ulceration, vomiting, and diarrhea, are a signifi-
cant burden on patients’ quality of life, requiring greater resource 
utilization, and resulting in significant economic burden.2 
Chemotherapy-induced gut toxicity (CIGT) is therefore a clinical 
and economic challenge to oncology practice. Currently there are 
limited treatment options for patients with CIGT and develop-
ment of effective preventative therapies is hampered by a lack of 
understanding of the underlying pathobiological mechanisms.3

CIGT development is a multifactorial process characterized 
by dynamic biochemical interactions between chemotherapeutic 
agents and cellular constituents of the mucosa.4-6 Recent research 
has focused on the molecular mechanisms that underpin CIGT, 
highlighting roles for apoptosis,1 the immune system,7 the gut 
microbiome,8 and matrix metalloproteinases (MMPs).9 More 
recently, intestinal tight junctions were proposed to play impor-
tant roles in the pathophysiology of CIGT.10

Dynamic regulation of tight junctions is fundamental to many 
physiological processes as disruption drastically alters mucosal 
barrier function and intestinal permeability, making these traits 
a hallmark of many pathological states.11,12 The molecular archi-
tecture of the tight junction exhibits a complex arrangement of 
interacting cytoplasmic and transmembrane proteins. Briefly, 
peripherally located zonular occludens (ZO) proteins interact to 
anchor tight junction membrane proteins to the cytoskeleton.13,14 
These scaffolding proteins play important roles in tight junc-
tion formation and are crucial in barrier integrity.13 Claudins are 
essential components of the intercellular tight junction and major 
determinants of paracellular solute fluxes.15 The structural orga-
nization of claudin proteins varies and different claudin subtypes 
are responsible for different roles within the tight junction.13 
Claudin-1 is of particular interest with regards to gastrointestinal 
inflammation and has been implicated in the pathophysiology 
of a number of inflammatory bowel disorders (IBDs).16 Further, 
recent research has identified roles for claudin-1 in apoptosis17 
and cellular regeneration,18 both of which are key events in 
CIGT. Occludin is a key transmembrane protein integral to tight 
junction integrity. The importance of occludin to tight junction 
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Chemotherapy for cancer causes significant gut toxicity, leading to severe clinical manifestations and an increased 
economic burden. Despite much research, many of the underlying mechanisms remain poorly understood hindering 
effective treatment options. Recently there has been renewed interest in the role tight junctions play in the pathogenesis 
of chemotherapy-induced gut toxicity. To delineate the underlying mechanisms of chemotherapy-induced gut toxicity, 
this study aimed to quantify the molecular changes in key tight junction proteins, ZO-1, claudin-1, and occludin, using a 
well-established preclinical model of gut toxicity. Female tumor-bearing dark agouti rats received irinotecan or vehicle 
control and were assessed for validated parameters of gut toxicity including diarrhea and weight loss. Rats were killed 
at 6, 24, 48, 72, 96, and 120 h post-chemotherapy. Tight junction protein and mRNa expression in the small and large 
intestines were assessed using semi-quantitative immunohistochemistry and RT-PCR. significant changes in protein 
expression of tight junction proteins were seen in both the jejunum and colon, correlating with key histological changes 
and clinical features. mRNa levels of claudin-1 were significantly decreased early after irinotecan in the small and large 
intestines. ZO-1 and occludin mRNa levels remained stable across the time-course of gut toxicity. Findings strongly sug-
gest irinotecan causes tight junction defects which lead to mucosal barrier dysfunction and the development of diarrhea. 
Detailed research is now warranted to investigate posttranslational regulation of tight junction proteins to delineate the 
underlying pathophysiology of gut toxicity and identify future therapeutic targets.
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function has been conclusively demonstrated through numerous 
investigations.13,19,20 For example, knockout (occludin−/−) mice 
exhibit morphologically intact tight junctions,21 however, poor 
tight junction integrity and mucosal barrier dysfunction follow. 
These results indicate likely roles for occludin in tight junc-
tion stability and barrier function as opposed to tight junction 
assembly.22

There is substantial anecdotal evidence to suggest that tight 
junctions play key roles in the development of CIGT.10 In 1997, 
Keefe et al. identified a transient abnormality in intestinal perme-
ability in patients receiving high-dose chemotherapy.23 Marked 
abnormalities in intestinal permeability have also been shown 
in patients receiving various myeloablative treatments24 indicat-
ing that intestinal function is compromized by various cytotoxic 
regimens. Further, morphological defects in tight junctions have 
been identified, with Keefe et al. (2000) demonstrating signifi-
cant increases in the number of open intestinal tight junctions in 
patients receiving high-dose chemotherapy. Given the regulatory 
roles of tight junctions in maintaining mucosal barrier function, 
these data strongly suggest tight junction involvement in CIGT 
pathophysiology.

In addition to these clinical findings, recent in vivo research 
has identified elevated proinflammatory cytokines7 and patho-
genic bacteria25 as hallmarks of CIGT. Importantly, proinflam-
matory cytokines26 and pathogenic bacteria27 exhibit modulatory 
effects on tight junction proteins and therefore may be responsible 
for changes in barrier integrity. Breakdown of the mucosal barrier 
enables noxious agents and pathogens to penetrate the epithelium. 
This phenomenon was recently reported, with bacteria found 
in the basolateral compartment and mesenteric lymph nodes of 
chemotherapy-treated rats.28 It is therefore hypothesized that bac-
teria- and proinflammatory cytokine-mediated tight junction dis-
ruption are pivotal in the development of gut toxicity.10

Results

Irinotecan causes significant gut toxicity
All rats receiving irinotecan developed gut toxicity repre-

sented by diarrhea and significant weight loss. Diarrhea occurred 

in a biphasic response, with symptoms first appearing at 6 h after 
irinotecan administration. There was an initial resolution of diar-
rhea before a second more severe diarrhea appeared, with maxi-
mal symptoms seen 72 h post-irinotecan. Rats receiving vehicle 
control did not develop diarrhea at any time point (Fig. 1A).

Rats receiving irinotecan had a peak weight loss compared 
with baseline at 72 h after chemotherapy (mean ± SD = 11.1 ± 
6.6%, P < 0.0001) before recovery at 120 h (mean ± SD = −0.25 
± 6.7%). Rats receiving vehicle control continued to gain weight 
over the course of the experiment (Fig. 1B).

Irinotecan causes severe histological damage in the small 
and large intestines

Marked histological evidence of gut toxicity was observed 
in the jejunum and colon of irinotecan-treated rats (Fig. 2). 
Characteristic apoptotic bodies were observed at 6 h post-
irinotecan in the crypt epithelium of the both regions of the gut. 
Gross architectural disturbances, including villous blunting and 
crypt degeneration throughout the mucosa, were particularly 
evident 48 h and 72 h after irinotecan administration (Fig. 2). 
Restoration of the mucosa was evident by 120 h, indicated by the 
return of architectural integrity and the presence of mitotically 
active cells.

Irinotecan causes molecular defects in intestinal tight junc-
tion proteins

ZO-1
There were no significant changes in protein expression of 

ZO-1 in the jejunum at any time point investigated (P = ns) 
(Fig. 3). In contrast, there was a significant decrease in ZO-1 
protein expression 96 h following administration of irinotecan 
in the colonic crypts (P < 0.05) (Figs. 4 and 5). ZO-1 mRNA 
expression remained stable across the time course of gut toxicity 
(P = ns) in the small and large intestine (data not shown).

Claudin-1
Claudin-1 protein expression was significantly decreased 6 h 

after irinotecan administration in both the apical and basal villus 
regions of the jejunum (P < 0.05) (Fig. 3). Expression returned to 
baseline at 72 h. No significance difference was observed in jeju-
nal crypts (P = ns). There was a significant decrease in claudin-1 
protein expression at 24 and 96 h following irinotecan in the 

Figure 1. Measures of clinical toxicity. (A) Percentage of rats with grade 0, 1, 2, and 3 diarrhea between 6 and 120 h following irinotecan (175 mg/kg ip) 
administration. (B) Percentage change in weight from baseline to 120 h in rats following vehicle control (sorbitol/lactic acid buffer: 45 mg/mL sorbi-
tol/0.9 mg/mL lactic acid, ph 3.4) or irinotecan (175 mg/kg ip). *P < 0.01 vs. 120 h, **P < 0.0001 vs. 24 h and 120 h. a one-way analysis of variance with 
Tukey’s post hoc was performed to determine significance (n = 39).
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apical and basal colonic crypts, respectively (P < 0.05) (Figs. 4 
and 5). Claudin-1 mRNA expression was significantly down-
regulated (P < 0.05) 6 h following chemotherapy in both the 
jejunum (−8.3-fold change) and colon (−1.8-fold change) of DA 
rats. Levels remained significantly (P < 0.05) low at 24 h in the 
colon only (−2.5-fold change). A 9.8-fold increase in claudin-1 
mRNA expression was observed in the jejunum at 72 h following 
irinotecan (Fig. 6).

Occludin
Occludin protein expression was significantly downregulated 

in the jejunal crypts 48 h following irinotecan administration 
(P < 0.05) (Fig. 3). This pattern of expression was mirrored in 
the colon, where occludin protein expression was significantly 
downregulated (P < 0.05) in both apical and basal crypt regions 
at 48 h following irinotecan treatment (Fig. 4 and 5). There was 
no change in occludin mRNA expression in the jejuna or colon 
of DA rats (P = ns) at any time point under investigation (data 
not shown).

RT-PCR efficiency
The amplification efficiencies for each set of primers were 

measured using serial dilutions of cDNA in triplicate. PCR effi-
ciency and a standard curve were calculated by the Rotor Gene 
6 program. Variations in cycle times and annealing temperatures 

did not yield comparable PCR efficiencies (ZO-1 = 1.01; clau-
din-1 = 1.1; occludin = 1.21; UBC = 1.31); therefore the Pfaffl 
method29 of relative quantification was employed.

Figure 2. Irinotecan administration causes severe histological damage 
in the jejunum and colon of Da rats. Characteristic apoptotic bodies are 
visible at 6 and 96 h post-irinotecan. Gross architectural changes (vil-
lous blunting and crypt degeneration) are evident at 24 h, but are most 
severe at 48 and 72 h hours. Restoration of the epithelium is evident at 
120 h, indicated by mitotically active cells. Original magnification 200× 
(villus) and 400× (crypt).

Figure 3. Irinotecan causes molecular defects in all claudin-1 and occlu-
din in the jejunum of the Da rat. There was no statistically significant 
change in ZO-1 protein expression in the jejunum. Claudin-1 protein 
expression was significantly decreased 6 h following irinotecan admin-
istration, while occludin expression was downregulated in jejunal crypt 
epithelium 48 h following treatment. ZO-1, claudin-1, and occludin pro-
tein expression was analyzed apical villus, basal villus, and crypt epithe-
lium of the jejunum. staining intensity was analyzed in a blinded fashion 
(hR Wardill and RJ Gibson) using a validated semi-quantitative grading 
system.55 a Kruskall–Wallis with a Dunn multiple comparison was per-
formed to determine significance. Data presented as median values (n = 
39); ln P < 0.05 vs. control, l* P < 0.05 vs. 6 h.
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Stability of housekeeping gene (UBC)
The fold change in UBC expression was calculated using the 

2−ΔΔCt method where control rats were used as a baseline. UBC 
showed no differential mRNA expression in the jejunum or colon 
of DA rats across the time-course of irinotecan-induced gut toxic-
ity (data not shown), indicating high stability.

Discussion

Chemotherapy-induced gut toxicity (CIGT) has become 
increasingly important as a dose-limiting factor of anti-cancer 
therapies, particularly with the advent of more aggressive chemo-
therapy regimens.2 Evidence exists for the involvement of tight 
junctions in the pathophysiology of CIGT,10 however, to date few 
studies have conducted detailed investigations of intestinal tight 
junctions following chemotherapy. The present study therefore 
aimed to characterize the expression of three key tight junctional 
proteins, ZO-1, claudin-1, and occludin, in both the small and 
large intestine using a well-established pre-clinical model of gut 

Figure  4. Irinotecan causes tight junction defects in the colon of Da 
rats. ZO-1 protein expression was significantly decreased in the apical 
crypt epithelium 96 h following chemotherapy. Irinotecan caused sig-
nificant downregulation in claudin-1 protein expression in the apical 
crypt epithelium 24 h following treatment, while a significant decrease 
was observed 96 h following irinotecan in the crypt crypt epithelium of 
the colon. significant downregulation in occludin protein expression 
was observed at 24 and 48 h following irinotecan administration in the 
apical and basal crypt epithelium. ZO-1, claudin-1, and occludin protein 
expression was analyzed in the basal and apical crypt epithelium of the 
colon. staining intensity was analyzed in a blinded fashion (hR Wardill 
and RJ Gibson) using a validated semi-quantitative grading system.55 
a Kruskall–Wallis with a Dunn multiple comparison was performed to 
determine significance. Data presented as median values (n = 39); n 
P < 0.05 vs. control.

Figure 5. Tight junction protein (ZO-1, claudin-1, and occludin) immu-
nostaining in the colon at selected time points following irinotecan 
(175 mg/kg ip) administration. Photomicrographs taken at original mag-
nification 400×.
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toxicity. Key findings from this study indicate that tight junction 
defects coincide with validated histolopathological and clinical 
markers of gut toxicity (diarrhea and weight loss), strongly impli-
cating tight junctions in the development of CIGT.

Late-onset diarrhea is a key dose-limiting factor for many che-
motherapy patients,30 however to date there are no clear mecha-
nisms underpinning its development. The clinical and economic 
impact associated with chemotherapy-induced diarrhea has 
only recently been appreciated, prompting research efforts in 
an attempt to reveal the pathophysiology of this complication.31 
Despite having vastly different pathogeneses, inflammatory 
bowel disorders (IBDs) are often used to identify potential mech-
anisms of CIGT due to highly comparable clinical manifesta-
tions.17 Recent research investigating the pathophysiology and 
symptomology of IBDs has shown that tight junction defects and 
barrier disturbances contribute to diarrhea development through 
leak-flux mechanisms.32-34 In line with this research, the present 
study identified tight junction defects which coincided with key 
events in the pathophysiology of CIGT and preceded the onset of 
clinical symptoms. Of particular importance was the significant 
decrease in ZO-1 protein expression in the colonic crypts at 96 h 
following insult, coinciding with the presence of severe late-onset 
diarrhea observed in our animal model. Previous research has also 
shown that chemotherapy induces significant derangement of 
intestinal electrolyte and water fluxes which correlate with overt 
treatment-induced diarrhea.35 Given that tight junctions are key 
regulators of mucosal barrier function, it is feasible that disrup-
tion to tight junction proteins, particularly ZO-1, may contrib-
ute to the development of late-onset diarrhea through leak-flux 

mechanisms. These findings highlight tight junctions as 
a potential therapeutic target in the clinical setting and 
detailed investigations are now required.

In addition to ZO-1 disruption, the current study iden-
tified significant changes in claudin-1 at both the protein 
and gene level. Previous research has identified emerg-
ing roles for claudin-1 in mediating apoptosis and aiding 
tissue regeneration.18,36 Liu and colleagues recently dem-
onstrated this concept, reporting significantly increased 
levels of claudin-1 in human breast cancer MCF-7 cells—
a cell line recognized for their low levels of apoptosis. In 
line with these findings, downregulation of claudin-1 
by siRNA knockdown resulted in a significant increase 
in apoptosis markers such as caspase-8. Further, loss 
of claudin-1 was shown to increase the susceptibility of 
MCF-7 cells to TNF-induced apoptosis. In the current 
study, significantly reduced claudin-1 protein and mRNA 
expression was observed 6 h following irinotecan insult, 
coinciding with peak apoptosis levels1 thus supporting this 
novel role of claudin-1 as a potent anti-apoptotic mediator. 
Claudin-1 downregulation was also identified 24 h fol-
lowing chemotherapy, and this is likely due to the slower 
proliferative rate of the colon relative to the jejunum. In 
addition to apoptosis, our results also support a role for 
claudin-1 in aiding tissue regeneration, a newly identified 
function of claudin-1, as its overexpression coincides with 
the known time point of cellular regeneration in the epi-

thelium of the jejunum and colon (72 h).4-6 Unexpectedly how-
ever, this was accompanied by a decrease in protein expression in 
the colonic crypts and which may be attributable to the second 
wave of apoptosis, as the body resets homeostasis.1

There is conflicting evidence regarding mRNA analysis of 
tight junction proteins following chemotherapy. Most recently, 
a preclinical study conducted by Nakao et al. (2012) investi-
gated tight junction proteins in tumor-naïve rats and found 
tight junction changes were associated with gut barrier dysfunc-
tion. Specifically, a significant decrease in both occludin and 
claudin-1 mRNA expression was identified;28 however given 
their small sample size (n = 10) and single time-point evalua-
tion, these conclusions should be interpreted with caution. In 
contrast, several other preclinical studies found no change in 
occludin and ZO-1 mRNA expression following administration 
of methotrexate (MTX), but demonstrated decreased claudin-1 
mRNA expression.37,38 In accordance with these latter findings, 
our study did not identify any significant change in occludin or 
ZO-1 mRNA expression following irinotecan administration. 
These inconsistencies highlight the need for further research 
to clarify the effect of various cytotoxic agents on tight junc-
tion protein mRNA levels at time points relevant to clinical 
symptoms.

The disparate protein and mRNA expression identified in 
the present study suggest that irinotecan indirectly modulates 
both occludin and ZO-1 through posttranslational regulation. 
Posttranslational modification of occludin and ZO-1, in particu-
lar proteolytic degradation, is a well-documented phenomenon.12 
Recent research has indicated proinflammatory cytokines are 

Figure 6. Claudin-1 mRNa expression in the jejunum and colon of irinotecan-
treated Da rats. Irinotecan caused an −8.3-fold change in claudin-1 mRNa 
expression in the jejunum 6 h following irinotecan followed by a 9.8-fold 
increase at 72 h. a −1.8 and −2.5-fold change in claudin-1 mRNa expression was 
observed in the colon of irinotecan treated Da rats at 6 h and 24 h, respectively. 
The fold change in mRNa expression values were used to create the graphs. all 
data are relative to internal controls (untreated animals, n = 4) and a validated 
housekeeping gene (UBC). Relative mRNa expression was calculated using the 
Pfaffl method of relative quantification. a one-way analysis of variance with the 
Tukey post hoc was performed to determine significance. Data presented as 
median values (n = 39); n P < 0.05 vs. control, n*P < 0.05 vs. 6 h.
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able to modulate tight junction proteins26,39 and it is therefore 
hypothesized that cytokine-mediated tight junction modula-
tion may play a key role in the development of CIGT.10 In vitro 
application of tumor necrosis factor (TNF) has been shown to 
induce actin and tight junction rearrangement, resulting in a 
time-dependent decrease in tight junction protein expression 
and a parallel increase in intestinal permeability.26,40,41 Previous 
research has shown that elevated serum TNF and interleukin-1 
are hallmarks of CIGT pathophysiology, with peaks occurring 
at 24–48 h post-chemotherapy.7 The present study has shown 
that occludin downregulation also occurs at these time-points, 
implying a correlation between the two. It is therefore suggested 
that proinflammatory cytokines not only contribute to histologi-
cal damage in the gut, but also mediate mucosal barrier function 
through tight junction modulation.

Matrix metalloproteinases (MMPs) are extracellular matrix 
signaling molecules recently recognized for their proteolytic 
functions.12 Substantial in vivo evidence supports a role for 
MMP-mediated occludin proteolysis and membrane cleav-
age.42,43 This is of particular importance as MMPs have recently 
been identified as key mediators of intestinal toxicity induced by 
irinotecan.9 Al-Dasooqi and colleagues (2010) reported signifi-
cantly increased small intestinal and serum levels of MMP-9 and 
MMP-12 following irinotecan. Given the proteolytic functions 
of MMPs this suggests MMP-mediated tight junction damage 
may occur. This correlation has previously been shown in the 
central nervous system, with MMP-9 levels in brain tissue cor-
relating with reductions in occludin and ZO-1 protein levels.43,44 
Further, MMP inhibition has been shown to ameliorate hypoxic-
induced occludin proteolysis.45 Further studies are now war-
ranted in order to establish the molecular mechanisms of these 
posttranslational regulations.

In addition to posttranslational modulation, reversible phos-
phorylation of tight junction proteins has recently been estab-
lished as a vital aspect of tight junction integrity and barrier 
regulation.12,46 Despite the importance of tight junction phos-
phorylation for optimal tight junction assembly and function,12,46 
few studies have investigated posttranslational phosphorylation 
of tight junction proteins in the gut. Hamada and colleagues38 
reported decreased tyrosine phosphorylation of ZO-1 despite 
observing no change in ZO-1 protein and mRNA expression. 
Although not addressed in this study, dephosphorylation may be 
responsible for chemotherapy-induced intestinal barrier dysfunc-
tion and future investigations are now necessary.

Conclusion
Tight junction proteins can undergo a broad array of regu-

latory modification in response to various pathological cues, 
highlighting the plasticity of these dynamic signaling complexes. 
These molecular events are likely to contribute to mucosal bar-
rier dysfunction, increased intestinal permeability and the devel-
opment of diarrhea; all characteristic of CIGT. It is likely that 
ZO-1 primarily is a late-onset and symptom-associated protein, 
whereas claudin-1 and occludin have more potential as prognos-
tic markers as their modulation precedes barrier dysfunction and 
symptomology. Detailed research is now required to investigate 

posttranslational modulation of tight junction proteins to eluci-
date the molecular mechanisms that underpin the development 
of gut toxicity. This may lead to a greater understanding of how 
tight junction modifications affect gastrointestinal homeosta-
sis, thus revealing their therapeutic potential in chemotherapy-
induced gut toxicity and other diseases characterized by barrier 
dysfunction.

Methods

Animals and ethics
Female Dark Agouti (DA) rats, weighing between 150 and 

170 g were used for this study. Rats were housed in Perspex cages 
at a temperature of 22 ± 1 °C and subject to a 14 h light/10 h 
dark cycle. Animals had ad libitum access to autoclaved chow 
and water. Experimental design was approved by the Animal 
Ethics Committees of the Institute of Medical and Veterinary 
Science (IMVS), and The University of Adelaide, and com-
plied with the National Health and Medical Research Council 
(Australia) Code of Practice for Animal Care in Research and 
Teaching.47

Experimental design
The dark agouti mammary adenocarcinoma (DAMA) rat 

model of irinotecan-induced gut toxicity was used to conduct 
this study. DA rats are tumor-bearing as our previous research 
has shown that the response to irinotecan is more pronounced in 
tumor-bearing rats compared with naïve rats.48 Forty rats were 
randomly assigned to receive either irinotecan (n = 5–9 per time 
point) or vehicle control (n = 6). All rats received breast cancer 
inoculum as described previously.49,50 Briefly, mammary adeno-
carcinoma tumors syngeneic with the DA rat were diced, homog-
enized and filtered through sterile gauze. A viable cell count was 
conducted using 0.4% w/v trypan blue before 150 μl of cells were 
implanted subcutaneously into both right and left flanks of the 
rat at a concentration of 2.0 × 107 cells/mL. Tumors were allowed 
to grow for one week prior to administration of chemotherapy 
and did not exceed 15% of their total body weight at study end 
point. All rats received 0.01 mg/kg subcutaneous atropine (to 
reduce the cholinergic reaction) immediately prior to adminis-
tration of either 175 mg/kg irinotecan (intraperitoneal) (kindly 
supplied by Pfizer, administered in a sorbitol/lactic acid buffer: 
45 mg/mL sorbitol/0.9 mg/mL lactic acid, pH 3.4), or vehicle 
control (sorbitol/lactic acid buffer). This buffer has previously 
been shown to have no gut toxicity effects.51 Groups of rats were 
killed by exsanguination and cervical dislocation while under 
3% isoflourane in 100% O

2
 anesthesia at times 6, 24, 48, 72, 96, 

and 120 h post-irinotecan treatment. The entire gastrointestinal 
tract (from the pyloric sphincter to the rectum) was dissected out 
and separated into the small intestine (pyloric sphincter to ileoce-
cal sphincter) and colon (ascending colon to rectum). The small 
intestines and colons were flushed with chilled, sterile saline 
(Baxter Healthcare), and 1 cm samples dissected from 50% of 
the length of each, and fixed in 10% neutral buffered formalin, 
processed, and embedded in paraffin for immunohistological 
analyses.
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Gut toxicity assessment
Gut toxicity assessment, including measures of weight loss 

and diarrhea, was recorded on a daily basis including baseline. 
Animals were weighed daily at the same time, and total weight 
loss/gain recorded. Further, diarrhea occurrence and severity 
was recorded 4× daily according to previous grading:48,51 0, no 
diarrhea; 1, mild diarrhea (staining of anus); 2, moderate diar-
rhea (staining spreading over top of legs); and 3, severe diarrhea 
(staining over legs and abdomen, often with continual anal leak-
age). All gut toxicity assessments were conducted in a blinded 
fashion (RJ Gibson and M Sultani).

Tissue preparation
Samples of small (jejunum) and large (colon) intestine were 

collected, snap frozen in liquid nitrogen and stored in RNAlater 
(Ambion) for molecular analysis. All tissues were stored at 
−80 °C until required. Additional samples (1 cm in length) of 
jejunum and colon were fixed in 10% neutral buffered formalin, 
processed, and embedded in paraffin wax for histological and 
immunohistochemical analyses.

Histological analysis
Sections of jejunum and colon were cut from paraffin blocks 

at 5 μm and mounted onto glass microscope slides. Slides 
were dewaxed in xylene, stained with Lilli-Mayer hematoxy-
lin for 10 min and counterstained in eosin for 3 min. Slides 
were dehydrated through graded ethanols, cleared in xylene 
and coverslipped. Slides were scanned using the NanoZoomer 
(Hamamatsu Photonics) and assessed with NanoZoomer Digital 
Pathology software (Histalim, Montpellier). Validated histo-
pathological markers of intestinal mucosal injury were used to 
examine histological damage.52

Immunohistochemistry
Immunohistochemical analysis was performed using the 

Level 2 USATM Ultra Streptavidin Detection System kit (Signet 
Laboratories) as per manufacturer’s instructions. Antigen 
retrieval was conducted using either a 10 mM/l citrate buf-
fer (occludin and claudin-1) or protease pretreatment (Sigma 
P5147). To reduce nonspecific staining sections were blocked in 
3% hydrogen peroxidase (H

2
O

2
)/methanol solution and 5% nor-

mal blocking serum in 0.01 M of PBS containing 0.1% sodium 
azide (NaN3). Sections were incubated with avidin/biotin block-
ing solution (Signet Laboratories) for 15 min, before the primary 
antibody was applied for overnight a 4 °C (rabbit polyclonnal 
anti-claudin-1 (10 μg/μl) and anti-ZO-1 (10 μg/μl); mouse 
monoclonal anti-occludin (2.5 μg/μl). Negative control sections 
had the primary antibody omitted and liver was used as a positive 
control in all experiments. Both linking and labeling reagents 
were applied (Signet Laboratories) followed by diaminobenzi-
dine (DAB) chromogen in 0.03% hydrogen peroxidase. Slides 
were counterstained in Harris Haematoxylin, before being dehy-
drated, cleared, and coverslipped. Liver was used as a positive 
control in all immunohistochemistry runs. Slides were assessed 
using NanoZoomer Digital Pathology software (Histalim) and 
analyzed using a validated semi-quantitative grading system:9 0 = 
no staining, 1 = weak, 2 = mild, 3 = moderate, and 4 = intense. 

All samples were analyzed in a blinded fashion by two investiga-
tors (HR Wardill and RJ Gibson). As the focus of tight junction 
staining is epithelial, this was the only tissue region analyzed.

Real-time polymerase chain reaction
RNA extraction
RNA extraction was performed on jejunum and colon samples 

as per manufacturer’s instructions (NucleoSpin RNA Isolation 
Kit, Macherey-Nagel). Briefly, tissue samples were homogenized 
in 250 μl and 500 μl of TRIzol® Reagent (Invitrogen), respec-
tively. Samples were centrifuged for 15 min at 4 °C and the upper 
aqueous layer removed. Following a sequence of filtration steps, 
RNA-binding conditions were adjusted and DNA digestion per-
formed. A series of washing steps was performed before highly 
pure mRNA was eluted in RNase-free water. Once eluted, RNA 
was stored at −80 °C.

Assessment of RNA quantity and quality
RNA was quantified for yield (ng/μl) and purity using the 

Thermo Scientific Nanodrop 1000 spectrophotometer. RNA 
integrity was assessed at the Adelaide Microarray Facility (SA 
Pathology) using the Agilent 2100 Bioanalyser RNA 6000 Nano 
Chip (Series II) kit.

Reverse transcription and RT-PCR
One microgram of RNA was reverse transcribed using the 

iScriptTM cDNA Synthesis Kit (BioRad) as per manufacturer’s 
instructions. RT-PCR was performed using the Rotor-Gene 
3000 (Corbett Research). Amplification mixes contained 1 μl 
of cDNA sample (100 ng/μl), 5 μl of SYBR green fluorescence 
dye, 3 μl of RNase-free water and 0.5 μl of each forward and 
reverse primer (prediluted to 50 pmol/μl) to make a total volume 
of 10 μl. Thermal cycling conditions included a denaturing step 
at 95 °C for 10 min, followed by 45 cycles of denaturation at 95 
°C for 10 s, annealing at 56 °C for 15 s, and extension at 72 °C 
for 20 s. All samples were run in triplicate. Primer efficiency was 
evaluated using standard curves and cycle threshold (Ct) values 
were calculated by Rotor Gene 6 analysis software. Ct values were 
used to quantify occludin gene expression, relative to untreated 
control calibrator and a validated housekeeping gene using the 
Pfaffl method of relative quantification.29 Ubiquitin C (UBC), a 
validated housekeeping gene,53 was used as a reference gene in all 
RT-PCR runs. Housekeeping gene stability was validated using 
the 2−ΔΔCt method.54

Statistical analysis
Data were compared using Prism version 6.0 (GraphPad® 

Software). A Kolmogorov–Smirnov test was used to assess nor-
mality and a Bartlett test was employed to assess equal variance. 
When normality and equal variance were confirmed, a one-
way analysis of variance with a Tukey post hoc test was used to 
identify statistical significance between groups. In other cases, a 
Kruskall–Wallis with a Dunn multiple comparison was used to 
identify statistical significance. A P value < 0.05 was considered 
statistically significant.
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