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Gastrointestinal (GI) dysfunction is a common comorbidity of chronic obstructive pulmonary
disease (COPD) for which a major cause is cigarette smoking (CS). The underlying mech-
anisms and precise effects of CS on gut contractility, however, are not fully characterised.
Therefore, the aim of the present study was to investigate whether CS impacts GI func-
tion and structure in a mouse model of CS-induced COPD. We also aimed to investigate GI
function in the presence of ebselen, an antioxidant that has shown beneficial effects on lung
inflammation resulting from CS exposure. Mice were exposed to CS for 2 or 6 months. GI
structure was analysed by histology and immunofluorescence. After 2 months of CS expo-
sure, ex vivo gut motility was analysed using video-imaging techniques to examine changes
in colonic migrating motor complexes (CMMCs). CS decreased colon length in mice. Mice
exposed to CS for 2 months had a higher frequency of CMMCs and a reduced resting colonic
diameter but no change in enteric neuron numbers. Ten days cessation after 2 months CS
reversed CMMC frequency changes but not the reduced colonic diameter phenotype. Eb-
selen treatment reversed the CS-induced reduction in colonic diameter. After 6 months CS,
the number of myenteric nitric-oxide producing neurons was significantly reduced. This is
the first evidence of colonic dysmotility in a mouse model of CS-induced COPD. Dysmotility
after 2 months CS is not due to altered neuron numbers; however, prolonged CS-exposure
significantly reduced enteric neuron numbers in mice. Further research is needed to assess
potential therapeutic applications of ebselen in GI dysfunction in COPD.

Introduction
Cigarette smoking (CS) is a major cause of mortality and disease, including chronic obstructive pulmonary
disease (COPD). It has been shown that chronic smokers have gut dysfunction [1]. COPD is characterised
by progressive airflow obstruction and enhanced inflammation and is the fourth leading cause of death
worldwide [2]. CS is a major cause of COPD and extrapulmonary effects including those involving the
gastrointestinal (GI) tract on patient health have also been demonstrated [3,4]. The GI tract is recognized
as a major site of extrapulmonary dysfunction that impacts COPD patients and quality of life [3].

CS exposure has differing effects on GI disorders such as Crohn’s disease and ulcerative col-
itis (UC). CS exposure and COPD are risk factors for Crohn’s disease that is characterised
by chronic mucosal inflammation and compromised intestinal barrier function [5]. In contrast,
chronic active smoking has been shown to decrease the severity of UC and the disease pro-
gression is less advanced in smokers than non-smokers [6,7]. Ex-smokers have an increased
risk of developing UC and severe symptoms needing surgery [6]. However results from an-
other population-based cohort study has revealed COPD as a risk factor for both UC and
Crohn’s disease, suggesting that there is a significant interaction between both COPD and the
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Figure 1. Anatomical changes in the GI tract after chronic CS exposure

Representative images of mouse colon at 2 and 6 months CS exposure (A and F, respectively). Shortening of the colon was

observed after 2 months (B) and 6 months (G) CS exposure. Number of faecal pellets increased within the dissected colon at 2

months (C) and 6 months (H) CS mice. SI length was unaffected after 2 months (D) and 6 months CS (I) increased the SI length.

Caecal weights were not changed at 2 months (E) and 6 months (J) of CS exposure. CS cessation for 10 days following 2 months

CS did not rescue altered colon length and faecal pellet counts (B and C); *P<0.05, **P<0.01, ****P<0.0001.
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Figure 2. Reduced mucus thickness in the mid colon of CS mice

(A) Images are of faecal pellet-containing mid colon preparations of sham and CS mice stained with Alcian Blue to measure the

thickness of the mucus layer. (B) Two months of CS led to a reduction in mucus layer thickness, **P<0.001. (C) A near significant

reduction (P=0.053) was observed in the mucus layer thickness after 6 months of CS.

structure and function of the GI tract [5]. Interestingly, CS exposure dose-dependently increased adenoma formation
in mice with inflamed mucosa induced by 3% dextran sulphate sodium (DSS) [8].

Recently, it has been shown that CS exposure alters GI structure and function in mice. Research using a CS-induced
COPD model in C57BL/6 mice showed a phenotype of Crohn’s disease that includes increased gut mucosal tissue hy-
poxia and microvasculature inflammation, epithelial cell turnover and muscle layer thickness [9]. This group also
reported increased intestinal permeability in the colon of these mice [9]. Interestingly, when exposed to an inflam-
matory insult (2,4,6-trinitrobenzenesulfonic acid; TNBS) to induce colitis, these mice showed exacerbated intestinal
pathology suggesting CS is an important risk factor for GI dysfunction.

Mucus production is critically involved in regulating GI barrier function and inflammatory responses. However,
few studies have assessed for alterations in GI mucus production in response to CS exposure, or nicotine specifically.
In non-smokers, transdermal application of nicotine had no effect on mucin (the major component of GI tract mucus)
gene expression in UC patients [10]. Additionally, in a preclinical randomised controlled study using New Zealand
white rabbits, increased mucus production was seen in the rectal mucosa following subcutaneous administration of
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high doses (2 mg/Kg/day for 14 days) of nicotine [11]. However, it is unclear whether mucus properties within the
GI tract are altered in the BALB/c mouse model of CS-induced COPD.

CS alters the immune system including immune responses within the GI tract. In a human trial analysing gut
mucosal biopsies of male participants aged 20–65 including 21 chronic smokers and 21 non-smoker controls, lower
levels of IgA (the major players in defense against bacteria and viruses adhering to the GI mucus), but not IgG and IgM
were observed, likely indicating an alteration of immune responses (Srivastava et al., 1991). Alterations in the density
of immunoregulatory T cells (which are important in cell-mediated immunity and the activation of the immune
defense system against pathogens and infections) in the peripheral circulation were observed in a subpopulation of
COPD patients with altered pulmonary function [12].

The nicotine component of cigarette smoke could elicit a proinflammatory response via the induction of oxidative
stress. In mouse colonic mucosa, subcutaneous nicotine reduces levels of the proinflammatory cytokines interleukin-1
β (IL-1β) and tumor necrosis factor-α (TNFα) [13]. Muscularis macrophages reside in close proximity to myen-
teric neurons and are responsible for the phagocytosis of dead neurons to maintain neuronal homeostasis [14,15].
These macrophages also make close connections with myenteric neurons that regulate intestinal motility. Furthe-
more, in aged mice, these macrophages can shift their function towards a proinflammatory phenotype to cause
inflammation-mediated degeneration of the enteric nervous system (ENS) [16].

Within the GI tract, the ENS contains a complex network of neuronal subpopulations including nitric oxide syn-
thase (NOS)-expressing cells that release the major enteric inhibitory neurotransmitter, nitric oxide (NO). The ENS
also contains a high density of nicotinic receptors, one of the main sites of action of the major excitatory neurotrans-
mitter Acetylcholine (ACh) that regulates GI tract secretion and motility. Since CS influences intestinal inflammation,
and changes in myenteric NOS neuronal proportions have been reported in both patients and animal models of in-
testinal inflammation [17–19], we examined for changes in myenteric NOS neuron numbers on exposure to chronic
CS-exposure. It is well established that CS impacts GI secretion [20] and permeability [9]; however the effects of CS
on gut motility, which is predominantly regulated by myenteric neurons, are largely unknown.

We have previously shown that the antioxidant ebselen inhibits CS-induced lung inflammation [21], Influenza A
virus (IAV)-induced lung inflammation [22] and IAV-mediated exacerbation of CS-induced lung inflammation [23]
in mice. Moreover, we have shown that the increases in bronchoalveolar lavage fluid (BALF) macrophages caused by
CS alone or in the presence of IAV were significantly reduced by ebselen treatment. We therefore aimed to investigate
where ebselen has positive effects on GI function in the CS-induced mouse model of COPD.

Given that CS impairs gastrointestinal function, it is necessary to investigate changes in the enteric nervous system
that potentially contribute to dysmotility. Here, we examined for changes in gut anatomy and physiology including
characterisation of muscularis macrophages, enteric neuronal subpopulations and colonic motility in the BALB/c
mouse model of CS-induced COPD to understand the relationship between CS, COPD and gut dysfunction. More-
over, we assessed the effects of ebselen on gut motility in control and CS-exposed mice.

Methods
Mice
All experiments were completed to meet the Australian Code of Practice for the Care of Experimental Animals and
the ARRIVE Guidelines, following RMIT University Animal Ethics Committee approval (Animal Ethics Application
Number 1521 & 1533). Seven-week-old male BALB/c mice were obtained from the Animal Resource Centre Pty Ltd
(Perth, WA, Australia). All mice were housed under standard laboratory housing conditions, with a 12-h light cycle
(7 am to 7 pm), an ambient temperature of 21◦C, with humidity between 40 and 60% in sterile micro-isolator cages
(Able Scientific, Australia) with ad libitum access to both water and standard mouse chow (Glen Forest Speciality
Foods, Australia). Mice were housed at the RMIT Animal Facility and experiments were conducted at the School of
Health and Biomedical Sciences, RMIT University, Bundoora, Victoria 3083, Australia.

Cigarette smoke exposure and drug/placebo administration
Mice were placed into an 18L Perspex chamber (The Plastic Man, Huntingdale, VIC, Australia) in a standard biosafety
cabinet (Aircare Extraction Systems Ltd, Clayton, VIC, Australia). Mice were exposed to either room air (sham) or
mainstream CS generated from 9 Winfield Red Cigarettes (16 mg or less of tar, 15 mg or less of CO and 1.2 mg or less
of nicotine, Philip Morris, Moorabbin, VIC, Australia) for 5 days a week for either 2 (n = 28/group) or 6 months (n =
20/group), with a sub-group from the 2 month study subject to a 10-day CS cessation (n =14). CS was delivered over
three sessions of three cigarettes per day, over 1 h time periods at 9 am, 12 noon and 3 pm. CS generation occurs in
60 ml tidal volumes over a 10 s timed draw, mimicking normal smoke inhalation and burn rate [24]. Sham-exposed
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Figure 3. Prolonged exposure to CS leads to changes in ENS composition

(A) Representative images are of whole mount preparation of mouse distal colon myenteric plexus preparations, immuno-stained

with pan neuronal marker Hu (in red) and nitric oxide synthase (nNOS; in green). Two months CS had no effect on total neuron

numbers or %NOS neurons per ganglion (B and C). Six months CS led to a decrease in the % of NOS cells per ganglion (E;

*P<0.05) but had no effect on total number of neurons per ganglion (D).

control mice were placed into an identical Perspex chamber, but did not receive CS. Separate cohorts of mice were
treated with 10 mg/kg of ebselen (Sapphire Bioscience, Australia) prepared in 5% w/v carboxymethyl (CM)-cellulose
(Sigma-Aldrich, U.S.A.) or vehicle (5% CM-cellulose; CMC) alone via oral gavage daily 1 h prior to initial CS. This
method of CS-exposure has been used extensively as it recapitulates the hallmark clinical characteristics of human
COPD, including pulmonary inflammation and oxidative stress, as well as the ability to impair lung function and
promote comorbid pathologies such as skeletal muscle wasting and stroke [25–27]. After 2 and 6 months of CS ex-
posure, mice were euthanised with > 150 mg/kg intraperitoneal (i.p.) sodium pentobarbital and additional specific
experiments are described below.

Gut anatomy and histopathology
The entire gut was dissected from the mice and the length of small intestine and colon was measured, and caecum
weight recorded.
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Figure 4. Long-term CS exposure alters muscularis macrophage density and morphology in mouse myenteric plexus

preparations

(A) Representative image illustrating the expression of muscularis macrophages labelled with Iba1 (in magenta) with respect to

myenteric neurons labelled with pan neuronal marker Hu (in green), in a wholemount myenteric plexus preparation of a mouse

distal colon (scale bar = 50 μm). (B) No significant changes in Iba1+ cell density and sphericity of muscularis macrophages after 2

months CS exposure. (C) Six months of CS led to a decrease in Iba1+ macrophage density and sphericity. *P<0.05.

Following dissection, 1 cm length of the proximal colon and 1 cm length of the proximal most jejunum was fixed
in 4% formaldehyde and cryoprotected in 30% sucrose before processing to obtain frozen cross-sections of 10 μm
thickness. Sections were then stained with hematoxylin and eosin (H&E) to identify tissue structural features. After
imaging (using Olympus Australia Pty. Ltd.; Melbourne, Australia), length of villi, width of villi and crypt depths were
measured using ImageJ software (ImageJ 1.52a, NIH).

Mid colon samples containing a faecal pellet were selected and fixed in methanol-Carnoy’s fixative (composition,
%: absolute methanol 60, chloroform 30, glacial acetic acid 10) and cryoprotected in 30% sucrose before obtaining
10 μm thick frozen transverse sections for 6 months smoked tissues. After fixation for 2 months, CS mid colons were
processed to obtain paraffin sections. Sections were then stained with Alcian Blue pH 2.5 (Sigma-Aldrich, Germany)
followed by counterstaining with Nuclear Fast Red (Sigma-Aldrich, Germany). Slides were imaged using Olympus
slides scanner microscope (Olympus Australia Pty. Ltd.; Melbourne, Australia). The thickness of the mucus layer was
measured. Specifically, this was done by first selecting a region of interest and tracing the stained mucus layer using
FIJI ImageJ (ImageJ 1.52a, NIH) [28]. The area of the identified mucus layer was then normalised by dividing the area
measurement against the length of the epithelial perimeter of the selected region of interest. Therefore, the area of
the mucus thickness/unit length of the perimeter was calculated as the normalised mucus layer thickness. A similar
procedure was followed to measure the area of the smooth muscle layer/unit length of the perimeter from the same
images.
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Figure 5. CS exposure for 2 months alters colonic contractions

(A) Spatiotemporal maps representing colonic motility in sham, 2 months CS and 2 months CS mice with 10 days cessation. X axis

represents time. Y axis represents the gut position from proximal colon to distal colon. Arrows indicate individual colonic migrating

motor complexes (CMMCs). Horizontal scale bar = Time (1 min). Vertical scale bar = 0.5 cm (length of colon). The colour scale

indicates the width of the colon for each captured frame during the 15 min recording. (B) CMMC frequency was increased after 2

months of CS compared to sham mice (P<0.0001) and 10 days of cessation after two months of CS reversed this effect (P>0.05

vs sham and P<0.0001 vs CS). (C) Two months CS reduced the resting colon diameter (P<0.05) and cessation for 10 days did not

reverse the reduction in colon diameter (P<0.01 vs sham). *P<0.05, **P<0.01, ****P<0.0001.

Video imaging of gut motility
Colonic motility was analysed in mice from the sham exposed, 2 months smoked, 10 days cessation after 2 months
smoking, as well as CS and sham mice that received Ebselen and vehicle treatment for 2 months. The entire colon was
excised immediately upon sacrifice and placed into an organ bath containing warmed (36◦C) KREBS physiological
saline solution (composition, mM: NaCl 118, KCl 4.6, NaH2PO4 1, NaHCO3 25, MgSO4 1.2, D-glucose 11, CaCl2 2.5;
bubbled with 95% O2: 5%CO2). Physiological saline was continuously superfused through the organ bath at a flow rate
of approximately 6 ml min−1 [29,30]. The oral end of the tissue was connected to a reservoir of physiological saline, the
anal end to an outflow tube that provided a back pressure of 3-4 cm H2O. Video imaging analysis of colonic motility
was conducted as previously described [30,31]. Briefly, colonic motility was recorded in vitro using a Logitech camera
(QuickCam Pro 4000; I-Tech, Ultimo, NSW, Australia) mounted directly above the organ bath. In-house software
(Scribble 2.0) and a purpose-built Matlab (2016b) plugin, Analyse 2.0, were used to convert recorded video segments
(15 min duration) to spatiotemporal maps where the diameter of the colon is mapped (as a heat map) along the length
of the segment as a function of time. For spatiotemporal maps, the x axis represents increasing time, and the length of
colonic segment is represented along the y axis. The diameter along the colon is pseudocoloured, such that blue-green
pixels indicate relaxed tissue and yellow-red pixels identify constricted regions (Figure 4A).

Two indices of neurally mediated colonic motor activity were analysed: colonic migrating motor complexes
(CMMCs) defined as spontaneous constractions originating at the oral end of the colon that propagate more than
half of the length of the tissue, and the resting colonic diameter (diameter of the colon between CMMCs when the
colon is quiescent).

CMMC frequency, the speed of CMMC propagation and resting gut diameter were measured using Analyse2 soft-
ware as previously reported (Swaminathan et al., 2015; Gwynne et al., 2004). CMMC frequency was manually counted
from spatiotemporal maps. We measured resting colonic diameter at timepoints between contractions in the presence
of constant luminal pressure. Hence, we recorded the mean gut diameter at these timepoints at a location equating
to 66% of the full colonic length from the oral end of the preparation. The experimental protocol for motility studies
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consisted of a 30 min equilibration period followed by a 1 h recording (consisting of four 15-min duration videos) of
baseline colonic motility.

Immunofluorescence
Immunofluorescent staining for the pan neuronal marker Hu (1:10000, a gift from Dr Lennon, U.S.A.), the neuronal
Nitric Oxide Synthase (1:400, #AB1529, Millipore, U.S.A.) and pan macrophage marker Iba1 (1:500, #ab178847, Ab-
cam, U.S.A.) were conducted in colon myenteric plexus preparations from 2 to 6 months smoked and sham mice.
Wholemount preparations of proximal colon preparations and jejunum were prepared and immunohistochemistry
conducted as reported previously (Leembruggen and Balasuriya et al., 2019). Briefly, tissue preparations were in-
cubated in primary antisera overnight at 4◦C, washed three times in phosphate-buffered saline (PBS; pH7.2) and
incubated in corresponding fluorescent-tagged secondary antisera for 2 hrs (Donkey anti sheep Alexa 488, #A11015
Molecular probes used at 1:400; Donkey anti human Alexa 594, #A11001 Molecular probes used at 1:5000; Don-
key anti rabbit Alexa 647, #132485 Jackson Immuno-Research laboratories used at 1:400). Tissue preparations were
subsequently washed in PBS and mounted on glass slides for analysis. Images were captured on a confocal electron
microscope (Nikon Confocal Microscope: A1; Version 4.10). Digital images for Hu and NOS labelling were quanti-
tatively analysed using ImageJ software (NIH Bethesda etc U.S.A.). IMARIS software (Imaris x64 9.1.0; Bitplane AG,
U.K.) was used to undertake 3D reconstruction of individual cells and for the quantification of density, volume and
sphericity of Iba1 immunoreactive cells in myenteric plexus preparations.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (Version 8.3.1, CA). CMMC numbers were analyzed using
a Mann–Whitney test. Two-tailed, unpaired t tests and one-way ANOVA was used for the rest of the data analysis.
Data are presented as mean +− SEM.

Results
Both 2 and 6 months CS exposure results in irreversible anatomical
changes in the GI tract of mice
Mice exposed to CS for 2 and 6 months were compared with sham (room air exposed) mice at the respective time
points. Furthermore, sham and CS mice at 2 months were compared with mice with 10 days of smoke cessation
following 2 months CS exposure. A decrease in colon length was observed both after 2 and 6 months of CS exposure
(Figure 1B: 2 months sham 9.32 +− 0.17 cm vs CS 8.67 +− 0.09 cm, P=0.012; Figure 1G: 6 months sham 9.25 +− 0.19 vs
CS 8.62 +− 0.16, P=0.024). The decreased length persisted even after a 10-day CS cessation period following 2 months
CS (Figure 1B: 8.74 +− 0.19, P=0.029 vs 2 months sham) but did not lead to further changes in colon length compared
with the 2 months CS group (Figure 1B: P=0.936). The small intestinal length was unchanged after 2 months of
CS; however, 6 months of CS exposure led to an increase in length (Figure 1D: 2 months sham 37.81 +− 0.47 cm vs
CS 37.77 +− 0.33 cm, P=0.998; Figure 1I: 6 months sham 38.19 +− 0.47 cm vs CS 40.13 +− 0.59 cm, P=0.023). An
increase in the number of faecal pellets within the dissected colon has previously been reported in animal models
of intestinal dysmotility and inflammation [32,33] and we report a similar finding both after 2 and 6 months of CS
exposure (Figure 1C: 2 months sham 2 +− 0.4 vs CS 4 +− 0.5, P=0.044; Figure 1H: 6 months sham 2 +− 0.2 vs CS 5 +− 0.5,
P=0.0001). The increase was persistent even after ceasing smoking for 10 days following 2 months of CS exposure
(Figure 1C: 5 +− 0.7, P=0.003 vs 2 months sham and similar to 2 months CS exposure P=0.699). Since the length of the
colon could potentially be affected by the volume of faecal content due to widening of the colon in regions containing
faecal pellets, we analysed the ratio of colon length to the number of faecal pellets. We found that the ratio of the
colon length to the number of faecal pellets was reduced after CS exposure at both the 2- and 6-month timepoints (2
months sham 4.05 +− 0.39 vs CS 2.79 +− 0.36, P=0.033 and 6 months sham 3.37 +− 0.38 vs CS 1.84 +− 0.21, P=0.002;
Supplementary Figure S3). Altered caecal weight was previously reported in mouse models of inflammation [34,35];
however no difference in caecal weight was observed following either 2 or 6 months of CS exposure (Figure 1E: 2
months sham 0.41 +− 0.041 vs CS 0.21 +− 0.02 g, P=0.997 and Figure J: 6 months sham 0.46 +− 0.045 vs CS 0.45 +−
0.011, P=0.857).

Typical histopathology alongside a reduced mucus layer thickness in the
mid colon was observed following both 2 and 6 months of CS exposure
Following histological analysis, crypt depth in the jejunum and colon was unchanged after 2 and 6 months of CS
exposure. However, a statistically nonsignificant shortening of crypt depth was observed after CS exposure (2 months
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Figure 6. Treatment with ebselen has positive effects on colonic diameter changes induced by CS

(A) Representative spatiotemporal maps of sham and 2 months CS mice treated with vehicle (5% CM-cellulose in PBS). (B) Rep-

resentative spatiotemporal maps of sham and 2 months CS mice treated with ebselen (10 mg/kg). (C) Both vehicle and ebselen

treatment restored CMMC frequency of CS exposed mice to sham levels (P>0.05). (D) Vehicle-treated CS mice had a reduced

colonic diameter compared with sham mice (****P<0.0001) and ebselen-treated CS mice had an increased colonic diameter com-

pared with CS+vehicle mice (****P<0.0001); horizontal scale bar = Time (1 min); vertical scale bar = 0.5 cm (length of colon).

*P<0.05.

sham 171.4 +− 4.63 μm vs CS 162.0 +− 7.35 μm, P=0.311; 6 months sham 101.5 +− 9.31 μm vs CS 99.26 +− 3.45 μm,
P=0.825; Supplementary Figure S1). Mucus layer thickness was reduced after 2 months of CS exposure (Figure 2B:
sham 22.61 +− 0.63 μm vs CS 13.54 +− 1.99 μm, P=0.0025). There was a trend for a reduction in mucus thickness after
6 months of CS exposure (Figure 2C: sham 41.42 +− 5.15 μm vs CS 25.40 +− 4.141 μm, P=0.053). Normalised smooth
muscle layer thickness of these samples was unaffected in mice exposed to CS during 2 and 6 months (2 months sham
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Figure 7. Treatment with ebselen did not reverse altered GI anatomical parameters

Effect of ebselen and vehicle treatment on colon length (A), number of faecal pellets (B), small intestinal length (C) and caecal weight

(D). Treatment with vehicle or ebselen did not reverse reduced colonic length caused by CS, but ebselen treatment reduced colon

length in the sham group (A). Both Ebselen and vehicle treatment did not rescue increased faecal pellet numbers due to CS (B).

Caecal weight was unaffected due to vehicle or ebselen treatment (D; **P<0.01, ****P<0.0001).

64.25 +− 10.3 μm vs CS 42.61 +− 7.05 μm, P=0.122 and 6 months sham 63.27 +− 3.03 μm vs CS 47.91 +− 12.84 μm,
P=0.235; Supplementary Figure S2).

Prolonged cigarette smoke exposure leads to significant alterations in
myenteric neurons
Six months CS exposure decreased the percentage of NOS-expressing neurons per ganglion (Figure 3E: sham 42 +−
1% vs CS 35 +− 3%, P=0.039) whereas 2 months CS exposure had no significant effect (Figure 3C: sham 38 +− 1% vs
CS 41 +− 3%, P=0.401). However, both 2 and 6 months CS exposure had no effect on the total number of neurons per
myenteric ganglion (Figure 3B: 2 months sham 22 +− 2 vs 2 months CS 23 +− 2, P=0.45; Figure 3D: 6 months sham
24 +− 2 vs 6 months CS 33 +− 3, P=0.124). Iba1, which is a pan macrophage marker, is expressed in close proximity
to myenteric neurons as well as between ganglia (Figure 4A). Iba1+ expressing muscularis macrophage density was
reduced after 2 months of CS exposure; however, this was not statistically significant (Figure 4B: sham 11 +− 2 vs
CS 7 +− 2 Iba1+ cells/0.1 mm2, P=0.191). The density of muscularis macrophages was reduced after 6 months of CS
exposure (Figure 4C: sham 13 +− 2 vs 8 +− 1 Iba1+ cells/0.1 mm2 area, P=0.047). In mice exposed to 6 months of CS,
the sphericity of muscularis macrophages was also reduced (Figure 4C: sham 0.64 +− 0.01 vs CS 59 +− 0.01, P=0.036).
In contrast, the morphology of Iba1-expressing macrophages was unchanged after 2 months of CS exposure when
compared with the respective sham group (Figure 4B: sham 0.58 +− 0.02 vs CS 0.59 +− 0.02, P=0.527).
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Two months of cigarette smoke exposure leads to increased colonic
motility
Neurally regulated colonic motor complexes were significantly increased following 2 months of CS exposure (Figure
5A,B: sham 8 +− 0.4 CMMCs/15 min vs CS 13 +− 0.6 CMMCs/15 min, P<0.0001). Furthermore, the speed of these
contractions was increased (sham 2.33 +− 0.16 mm/s vs CS 3.24 +− 0.21 mm/s, P=0.0052; data not shown). Resting
colonic diameter, an indicator of colonic muscle tone, was reduced in mice that were exposed to CS for 2 months
(Figure 5C: sham 4.14 +− 0.2 mm vs CS 3.60 +− 0.1 mm, P=0.018). 10 days of CS cessation post 2 months of CS
exposure reversed the effects of CS with respect to contraction frequency (Figure 5B: 10 days cessation 9 +− 0.60
CMMCs/15 min, p = 0.208 vs sham and different from CS mice P=0.0016). However, 10 days of cessation did not
reverse the reduced colon diameter (Figure 5C: 10 days cessation 3.45 +− 0.07 mm, P=0.0015 vs sham and P=0.815
vs CS).

Treatment with ebselen improves CS-induced reduction colonic diameter
Ebselen treatment restored contraction frequency changes in the colon caused by CS (Figure 6A,B; Frequency:
sham+ebselen 11 +− 0.6 CMMCs/15 min vs CS+ebselen 11 +− 0.6 CMMCs/15 min, P=0.877). However, the CS+vehicle
group also reversed the colonic contraction frequency (Figure 6C: 11 +− 0.7 CMMCs/15 min, P>0.05 compared with
all other groups). The colonic diameter was smaller in CS mice treated with ebselen compared with sham mice treated
with ebselen (Figure 6D: sham+ebselen 4.18 +− 0.09 mm vs CS+ebselen 3.79 +− 0.07 mm, P=0.003). However, the av-
erage colon diameter in mice from the CS+ebselen group was greater than for mice in the 2 months CS group treated
with vehicle (Figure 6D: CS+ebselen 3.79 +− 0.072 mm vs CS+vehicle 3. 18 +− 0.081 mm, P<0.0001). These findings
suggest a positive effect of ebselen on the reduced colonic diameter induced by CS.

Ebselen or vehicle did not reverse altered GI anatomical parameters
induced by CS
Treatment with vehicle (CMC) or ebselen did not reverse reduced colonic length following 2 months CS (Figures
1B and 7A: Sham+vehicle 8.61 +− 0.21cm vs CS+vehicle 7.59 +− 0.19 cm, P=0.003; vs CS+ebselen 7.06 +− 0.20 cm,
P<0.0001). Treatment with the CMC vehicle reduced the colon length of sham mice when compared to sham control
mice (sham controls 9.33 +− 0.17 cm (Figure 1B) vs sham+CMC 8.561 +− 0.21 cm (Figure 7A), P=0.0155). CS exacer-
bates CMC-induced colon shortening (Sham+CMC colon lengths: 8.561 +− 0.21 cm vs CS+CMC colon lengths: 7.59
+− 0.19 cm; P=0.003; Figure 7A). However, ebselen treatment did not further reduce colon length when compared
to the CS+CMC treated group (CS+CMC colon length: 7.59 +− 0.19 cm vs CS+ebselen colon length: 7.06 +− 0.20 cm,
P=0.244). Ebselen treatment led to a reduction in colon length in sham-treated mice (Figure 7A: Sham+ebselen 7.07
+− 0.18 cm, P<0.0001 vs Sham+vehicle). Neither ebselen or vehicle treatment rescued increased faecal pellet numbers
due to CS (Figure 1C: CS 4 +− 0.5, Figure 7B: CS+vehicle 5 +− 0.6, CS+ebselen 4 +− 0.5, P>0.05). In contrast, vehicle
alone (i.e. CM-cellulose) increased the number of faecal pellets in sham-exposed mice, whereas ebselen administra-
tion with vehicle had no effect (Figure 1C: Sham 2 +− 0.4, Figure 7B: Sham+vehicle 5 +− 0.4, Sham+ebselen 4 +− 0.5,
P<0.0001). Ebselen treatment did not affect small intestinal length (Figure 7C: Sham+ebselen 38.04 +− 0.65 cm vs
CS+Ebselen 38.54 +− 0.69 cm, P=0.954).

Discussion
In the present study, we found that CS exposure affected gut motility and resulted in morphological changes in the
muscularis macrophages and neurochemical coding within the mouse GI tract. Gut dysmotility was improved by
ebselen suggesting that targeting oxidative stress and inflammation could be a viable therapeutic strategy for GI dys-
function in patients with COPD.

It is well established that shortening of the colon and/or the small intestine occurs alongside intestinal inflammation
[36–38]. CS exposure increased the number of faecal pellets within the dissected colon similar to previous reports
in animal models of anticancer chemotherapy-induced gut dysfunction [32]. As previously reported, exposure to CS
causes an initial decrease in body weight and subsequent growth retardation [26]. This body weight loss is believed
to be a result of lower food consumption [23,39,40], but could also be because of altered digestion/absorption and/or
GI motility. Our finding that changes in the colon length were inversely proportional to faecal pellet numbers needs
further exploration. It is possible that the increased number of faecal pellets in CS-exposed animals reduced colon
length due to the physical properties of the gastrointestinal tract. However, this relationship needs to be investigated
in future studies by measuring the colon lengths after carefully removing the faecal pellets. Similar to another study
investigating histopathology in C57BL/6 mice exposed to CS [9], we observed no significant changes in villus height or
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crypt depth in BALB/c mice following CS exposure. These authors also reported a significant inflammatory phenotype
with Crohn’s disease-like inflammation observed in the colon and ileum in line with our observation of reduced colon
length, a common indicator of an inflammatory state. The literature on exposure to CS and intestinal mucus levels is
contradictory, with either increased or no change in mucus layer thickness reported following CS/nicotine-exposure
[10,11]. Here, we report a reduction in colonic mucus layer thickness following 2 months of CS-exposure, which
correlates with altered colonic motility. This aligns with reports suggesting alterations to the colonic mucus layer due
to a mutation in the Muc2 gene lead to colonic dysmotility [41].

Another novel finding from the present study is that prolonged CS exposure alters NOS immunoreactive neurons,
a specific subpopulation of neurons in the ENS. Altered immune responses in animal models of inflammatory bowel
disease including ulcerative colitis and in response to chemotherapy have been shown to change the neurochemical
phenotype of NOS-expressing neurons [42–45]. Enteric NOS-expressing neurons release the main enteric inhibitory
neurotransmitter, NO which induces smooth muscle relaxation within the GI tract. A reduction in NO levels will
therefore increase the frequency of gut contractions, as reported previously [46]. In the present study, however, there
was no change in NOS neuronal numbers after 2 months CS exposure, suggesting that another mechanism is respon-
sible for the increase in CMMC frequency in these mice. Our observation of reduced muscularis macrophage density
and sphericity following 6 months CS exposure could also indicate functional responses to pathological and immune
insult as has previously been proposed for macrophages and microglia [47–49].

We observed an increase in the frequency of colonic contractions and a reduction in colonic diameter in mice
exposed to 2 months of CS. Nicotine has been shown to act on enteric neurons expressing nicotinic ACh receptors
to contract gastrointestinal smooth muscle [50] and therefore could also contribute to this increase in colonic con-
traction frequency. The observed reduction in colonic diameter following 2 months of CS exposure may be due to
reduced NO levels in myenteric neurons or via a nicotine-dependent mechanism. Changes in colonic smooth mus-
cle constriction have previously been reported in mouse models of disease [51] and are a likely contributor to gut
health. In addition to potential effects on inflammation, the nicotine content in cigarette smoke could contribute to
the changes in gut function we observed. Exposure to cigarette smoke results in inhalation of nicotine levels similar
to that of smokers themselves [52], and there is a broad literature describing the complex mechanisms of action of
nicotine relevant to gastrointestinal disease [53]. For example, nicotine reduces smooth muscle tone and contractile
activity in human distal large bowel [54] and animal studies have demonstrated that nicotine produces smooth muscle
relaxation in the gastrointestinal tract [55].

We have previously shown that the antioxidant ebselen reduces cigarette smoke extract-induced protein oxidation
of murine alveolar macrophages and inhibits CS-induced increases in BALF macrophages, neutrophils, proteolytic
burden, and macrophage and neutrophil chemotactic factor gene expression [21]. Given that oxidative stress is a key
driver of CS-induced lung inflammation, targeting this pathway may be a novel means to alleviate inflammation in
GI impairment in smokers and patients with COPD. In the present study, we show that ebselen prevents a chronic
reduction in colonic diameter in mice exposed to CS. We observed that the carboxymethyl cellulose vehicle alone
reduced the CS-induced increase in CMMC frequency, but not the changes to colonic diameter. Previous reports
similarly suggest that carboxy methyl cellulose is beneficial in mouse models of GI dysfunction; however, the biolog-
ical mechanisms responsible are unknown [56]. The reversal of reduced colonic diameter in the presence of ebselen
may occur due to the antioxidant role of ebselen or alternatively, via an NO effect, since ebselen has been shown to
reduce CS-induced vascular dysfunction via actions on smooth muscle in the mouse thoracic aorta (Brassington et al,
unpublished observations). Nevertheless, this concept needs to be further investigated to resolve conflicting evidence
suggesting that ebselen inhibits eNOS activity [57]. Although CMC reversed CS-induced colonic motility changes, it
caused a subtle inflammatory response with respect to colon length shortening that aligns with current literature on
C57BL6 mice where 1% CMC supplementation over 12 weeks leads to similar changes [58].

Conclusion
In conclusion, we have shown that CS exposure causes gut dysmotility and altered muscularis macrophage mor-
phology. We have shown for the first time that NOS-expressing enteric neurons alter their neurochemical coding in
response to prolonged CS exposure, suggesting a direct effect of CS on enteric neurons and gastrointestinal function.
Importantly, we have shown that the antioxidant ebselen rescues CS-induced changes in reduced colonic diameter in
mice and may be a potential novel therapeutic for GI dysfunction in smokers or people with COPD.
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Clinical perspectives
• Cigarette smoking (CS) is the main cause of chronic obstructive pulmonary disease (COPD) and

gastrointestinal (GI) dysfunction reduces quality of life for COPD patients. The aim of the present
study was to investigate the effect of chronic CS on GI pathophysiology including gross anatomy and
motility in mice. Potential beneficial effects of the antioxidant ebselen to reverse the GI phenotype
were also investigated.

• The results of the present study showed GI anatomical changes indicative of GI inflammation.
Cigarette smoking increased colonic motility and constricted the colon. Cessation of smoking for
10 days reversed the increase in motility but not the reduced colonic diameter. Moreover, ebselen
treatment improved the CS-induced reduction in colonic diameter.

• This is the first study to show that chronic CS leads to GI dysmotility and that the antioxidant ebselen
may be a potential therapeutic to treat CS-associated GI dysfunction.
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5 Ekbom, A., Brandt, L., Granath, F., Löfdahl, C.-G. and Egesten, A. (2008) Increased Risk of Both Ulcerative Colitis and Crohn’s Disease in a Population
Suffering from COPD. Lung 186, 167–172, https://doi.org/10.1007/s00408-008-9080-z

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

2955

https://doi.org/10.3389/fimmu.2018.00074
https://doi.org/10.1164/rccm.201701-0218PP
https://doi.org/10.1183/13993003.01945-2015
https://doi.org/10.1007/s00408-008-9080-z


Clinical Science (2020) 134 2943–2957
https://doi.org/10.1042/CS20200886

6 Bastida, G. and Beltrán, B. (2011) Ulcerative colitis in smokers, non-smokers and ex-smokers. World J. Gastroenterol. 17, 2740–2747,
https://doi.org/10.3748/wjg.v17.i22.2740

7 Gheorghe, C., Pascu, O., Gheorghe, L., Iacob, R., Dumitru, E., Tantau, M. et al. (2004) Epidemiology of inflammatory bowel disease in adults who refer
to gastroenterology care in Romania: a multicentre study. Eur. J. Gastroenterol. Hepatol. 16, 1153–1159,
https://doi.org/10.1097/00042737-200411000-00012

8 Liu, E.S.L., Ye, Y.-N., Shin, V.Y., Yuen, S.-T., Leung, S.-Y., Wong, B.C.Y. et al. (2003) Cigarette smoke exposure increases ulcerative colitis-associated
colonic adenoma formation in mice. Carcinogenesis 24, 1407–1413, https://doi.org/10.1093/carcin/bgg094

9 Fricker, M., Goggins, B.J., Mateer, S., Jones, B., Kim, R.Y., Gellatly, S.L. et al. (2018) Chronic cigarette smoke exposure induces systemic hypoxia that
drives intestinal dysfunction. JCI Insight 3, e94040, https://doi.org/10.1172/jci.insight.94040

10 Louvet, B., Buisine, M.P., Desreumaux, P., Tremaine, W.J., Aubert, J.P., Porchet, N. et al. (1999) Transdermal nicotine decreases mucosal IL-8
expression but has no effect on mucin gene expression in ulcerative colitis. Inflamm. Bowel Dis. 5, 174–181,
https://doi.org/10.1097/00054725-199908000-00005

11 Zijlstra, F.J., Srivastava, E.D., Rhodes, M., van Dijk, A.P., Fogg, F., Samson, H.J. et al. (1994) Effect of nicotine on rectal mucus and mucosal
eicosanoids. Gut 35, 247–251, https://doi.org/10.1136/gut.35.2.247

12 Kim, W.-D., Kim, W.-S., Younsuck, K., Lim, S.-D., Lim, C.-M., Kim, D.-S. et al. (2002) Abnormal peripheral blood T-lymphocyte subsets in a subgroup of
patients with COPD. Chest 122, 7

13 Van Dijk, J.P.M., Madretsma, G.S., Keuskamp, Z.J. and Zijlstra, F.J. (1995) Nicotine inhibits cytokine synthesis by mouse colonic mucosa. Eur. J.
Pharmacol. R11–RI2, https://doi.org/10.1016/0014-2999(95)00211-3

14 Kulkarni, S., Micci, M.-A., Leser, J., Shin, C., Tang, S.-C., Fu, Y.-Y. et al. (2017) Adult enteric nervous system in health is maintained by a dynamic
balance between neuronal apoptosis and neurogenesis. Proc. Natl. Acad. Sci. U.S.A. 114, E3709–E3718, https://doi.org/10.1073/pnas.1619406114

15 Margolis, K.G., Gershon, M.D. and Bogunovic, M. (2016) Cellular Organization of Neuroimmune Interactions in the Gastrointestinal Tract. Trends
Immunol. 37, 487–501, https://doi.org/10.1016/j.it.2016.05.003

16 Becker, L., Nguyen, L., Gill, J., Kulkarni, S., Pasricha, P.J. and Habtezion, A. (2018) Age-dependent shift in macrophage polarisation causes
inflammation-mediated degeneration of enteric nervous system. Gut 67, 827–836, https://doi.org/10.1136/gutjnl-2016-312940

17 Boyer, L., Sidpra, D., Jevon, G., Buchan, A.M. and Jacobson, K. (2007) Differential responses of VIPergic and nitrergic neurons in paediatric patients
with Crohn’s disease. Auton. Neurosci. 134, 106–114, https://doi.org/10.1016/j.autneu.2007.03.001

18 Rachmilewitz, D., Stamler, J.S., Bachwich, D., Karmeli, F., Ackerman, Z. and Podolsky, D.K. (1995) Enhanced colonic nitric oxide generation and nitric
oxide synthase activity in ulcerative colitis and Crohn’s disease. Gut 36, 718–723, https://doi.org/10.1136/gut.36.5.718

19 Winston, J.H., Li, Q. and Sarna, S.K. (2013) Paradoxical regulation of ChAT and nNOS expression in animal models of Crohn’s colitis and ulcerative
colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 305, G295–G302, https://doi.org/10.1152/ajpgi.00052.2013

20 Roxburgh, J.C., Whitfield, P.F. and Hobsley, M. (1992) Effect of acute cigarette smoking on gastric secretion. Gut 33, 1170,
https://doi.org/10.1136/gut.33.9.1170

21 Duong, C., Seow, H.J., Bozinovski, S., Crack, P.J., Anderson, G.P. and Vlahos, R. (2010) Glutathione peroxidase-1 protects against cigarette
smoke-induced lung inflammation in mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 299, L425–L433, https://doi.org/10.1152/ajplung.00038.2010

22 Yatmaz, S., Seow, H.J., Gualano, R.C., Wong, Z.X., Stambas, J., Selemidis, S. et al. (2013) Glutathione peroxidase-1 reduces influenza A virus-induced
lung inflammation. Am. J. Respir. Cell Mol. Biol. 48, 17–26, https://doi.org/10.1165/rcmb.2011-0345OC

23 Oostwoud, L.C., Gunasinghe, P., Seow, H.J., Ye, J.M., Selemidis, S., Bozinovski, S. et al. (2016) Apocynin and ebselen reduce influenza A virus-induced
lung inflammation in cigarette smoke-exposed mice. Sci. Rep. 6, 20983, https://doi.org/10.1038/srep20983

24 Vlahos, R., Bozinovski, S., Jones, J.E., Powell, J., Gras, J., Lilja, A. et al. (2006) Differential protease, innate immunity, and NF-kappaB induction profiles
during lung inflammation induced by subchronic cigarette smoke exposure in mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 290, L931–L945,
https://doi.org/10.1152/ajplung.00201.2005

25 Austin, V., Crack, P.J., Bozinovski, S., Miller, A.A. and Vlahos, R. (2016) COPD and stroke: are systemic inflammation and oxidative stress the missing
links? Clin. Sci. (Lond.) 130, 1039–1050, https://doi.org/10.1042/CS20160043

26 Chan, S.M.H., Cerni, C., Passey, S., Seow, H.J., Bernardo, I., van der Poel, C. et al. (2020) Cigarette Smoking Exacerbates Skeletal Muscle Injury without
Compromising Its Regenerative Capacity. Am. J. Respir. Cell Mol. Biol. 62, 217–230, https://doi.org/10.1165/rcmb.2019-0106OC

27 Vlahos, R. and Bozinovski, S. (2014) Recent advances in pre-clinical mouse models of COPD. Clin. Sci. (Lond.) 126, 253–265,
https://doi.org/10.1042/CS20130182

28 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T. et al. (2012) Fiji: an open-source platform for biological-image
analysis. Nat. Methods 9, 676–682, https://doi.org/10.1038/nmeth.2019

29 Balasuriya, G.K., Hill-Yardin, E.L., Gershon, M.D. and Bornstein, J.C. (2016) A sexually dimorphic effect of cholera toxin: rapid changes in colonic
motility mediated via a 5-HT3 receptor-dependent pathway in female C57Bl/6 mice. J. Physiol. 594, 4325–4338, https://doi.org/10.1113/JP272071

30 Roberts, R.R., Murphy, J.F., Young, H.M. and Bornstein, J.C. (2007) Development of colonic motility in the neonatal mouse-studies using spatiotemporal
maps. Am. J. Physiol. 292, G930

31 Swaminathan, M., Hill-Yardin, E., Ellis, M., Zygorodimos, M., Johnston, L.A., Gwynne, R.M. et al. (2016) Video Imaging and Spatiotemporal Maps to
Analyze Gastrointestinal Motility in Mice. J. Vis. Exp. 53828

32 McQuade, R.M., Carbone, S.E., Stojanovska, V., Rahman, A., Gwynne, R.M., Robinson, A.M. et al. (2016) Role of oxidative stress in oxaliplatin-induced
enteric neuropathy and colonic dysmotility in mice. Br. J. Pharmacol. 173, 3502–3521, https://doi.org/10.1111/bph.13646

33 Zhao, L., Huang, Y., Lu, L., Yang, W., Huang, T., Lin, Z. et al. (2018) Saturated long-chain fatty acid-producing bacteria contribute to enhanced colonic
motility in rats. Microbiome 6, 107, https://doi.org/10.1186/s40168-018-0492-6

2956 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.3748/wjg.v17.i22.2740
https://doi.org/10.1097/00042737-200411000-00012
https://doi.org/10.1093/carcin/bgg094
https://doi.org/10.1172/jci.insight.94040
https://doi.org/10.1097/00054725-199908000-00005
https://doi.org/10.1136/gut.35.2.247
https://doi.org/10.1016/0014-2999(95)00211-3
https://doi.org/10.1073/pnas.1619406114
https://doi.org/10.1016/j.it.2016.05.003
https://doi.org/10.1136/gutjnl-2016-312940
https://doi.org/10.1016/j.autneu.2007.03.001
https://doi.org/10.1136/gut.36.5.718
https://doi.org/10.1152/ajpgi.00052.2013
https://doi.org/10.1136/gut.33.9.1170
https://doi.org/10.1152/ajplung.00038.2010
https://doi.org/10.1165/rcmb.2011-0345OC
https://doi.org/10.1038/srep20983
https://doi.org/10.1152/ajplung.00201.2005
https://doi.org/10.1042/CS20160043
https://doi.org/10.1165/rcmb.2019-0106OC
https://doi.org/10.1042/CS20130182
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1113/JP272071
https://doi.org/10.1111/bph.13646
https://doi.org/10.1186/s40168-018-0492-6


Clinical Science (2020) 134 2943–2957
https://doi.org/10.1042/CS20200886

34 Karagiannis, A.K.A., Ziogas, D.C., Gras-Miralles, B., Geiger, B.M., Nagel, J., Trebicka, E. et al. (2013) Increased susceptibility of melanin-concentrating
hormone-deficient mice to infection with Salmonella enterica serovar Typhimurium. Infect. Immun. 81, 166–172, https://doi.org/10.1128/IAI.00572-12

35 Flannigan, K.L., Taylor, M.R., Pereira, S.K., Rodriguez-Arguello, J., Moffat, A.W., Alston, L. et al. (2018) An intact microbiota is required for the
gastrointestinal toxicity of the immunosuppressant mycophenolate mofetil. J. Heart Lung Transplant. 37, 1047–1059,
https://doi.org/10.1016/j.healun.2018.05.002

36 Karhausen, J., Furuta, G.T., Tomaszewski, J.E., Johnson, R.S., Colgan, S.P. and Haase, V.H. (2004) Epithelial hypoxia-inducible factor-1 is protective in
murine experimental colitis. J. Clin. Invest. 114, 1098–1106, https://doi.org/10.1172/JCI200421086

37 Robinson, A., Keely, S., Karhausen, J., Gerich, M.E., Furuta, G.T. and Colgan, S.P. (2008) Mucosal protection by hypoxia-inducible factor prolyl
hydroxylase inhibition. Gastroenterology 134, 145–155, https://doi.org/10.1053/j.gastro.2007.09.033

38 Jin, B.-R., Chung, K.-S., Cheon, S.-Y., Lee, M., Hwang, S., Noh Hwang, S. et al. (2017) Rosmarinic acid suppresses colonic inflammation in dextran
sulphate sodium (DSS)-induced mice via dual inhibition of NF-κB and STAT3 activation. Sci. Rep. 7, 46252, https://doi.org/10.1038/srep46252

39 Chen, H., Vlahos, R., Bozinovski, S., Jones, J., Anderson, G.P. and Morris, M.J. (2005) Effect of short-term cigarette smoke exposure on body weight,
appetite and brain neuropeptide Y in mice. Neuropsychopharmacology 30, 713–719, https://doi.org/10.1038/sj.npp.1300597

40 Chen, H., Hansen, M.J., Jones, J.E., Vlahos, R., Anderson, G.P. and Morris, M.J. (2007) Detrimental metabolic effects of combining long-term cigarette
smoke exposure and high-fat diet in mice. Am. J. Physiol. Endocrinol. Metab. 293, E1564–E1571, https://doi.org/10.1152/ajpendo.00442.2007

41 Robinson, A.M., Rahman, A.A., Carbone, S.E., Randall-Demllo, S., Filippone, R., Bornstein, J.C. et al. (2017) Alterations of colonic function in the Winnie
mouse model of spontaneous chronic colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 312, G85–G102, https://doi.org/10.1152/ajpgi.00210.2016

42 McQuade, R.M., Stojanovska, V., Stavely, R., Timpani, C., Petersen, A.C., Abalo, R. et al. (2018) Oxaliplatin-induced enteric neuronal loss and intestinal
dysfunction is prevented by co-treatment with BGP-15. Br. J. Pharmacol. 175, 656–677, https://doi.org/10.1111/bph.14114

43 Sharkey, K.A. and Kroese, A.B. (2001) Consequences of intestinal inflammation on the enteric nervous system: neuronal activation induced by
inflammatory mediators. Anat. Rec. 262, 79–90, https://doi.org/10.1002/1097-0185(20010101)262:1%3c79::AID-AR1013%3e3.0.CO;2-K

44 Csillik, B., Janka, Z., Boncz, I., Kalman, J., Mihaly, A., Vecsei, L. et al. (2003) Molecular plasticity of primary nociceptive neurons: relations of the
NGF-c-jun system to neurotomy and chronic pain. Ann. Anat. 185, 303–314, https://doi.org/10.1016/S0940-9602(03)80050-X

45 Ekblad, E. and Bauer, A.J. (2004) Role of vasoactive intestinal peptide and inflammatory mediators in enteric neuronal plasticity. Neurogastroenterol.
Motil. 16, 123–128, https://doi.org/10.1111/j.1743-3150.2004.00487.x

46 Spencer, N.J., Bywater, R.A. and Taylor, G.S. (1998) Disinhibition during myoelectric complexes in the mouse colon. J. Auton. Nerv. Syst. 71, 37–47,
https://doi.org/10.1016/S0165-1838(98)00063-0

47 Sharna, S.S., Balasuriya, G.K., Hosie, S., Nithianantharajah, J., Franks, A.E. and Hill-Yardin, E.L. (2020) Altered caecal neuroimmune interactions in the
neuroligin-3(R451C) mouse model of autism. Front Cell Neurosci. 14, 85, https://doi.org/10.3389/fncel.2020.00085

48 Perry, V.H., Nicoll, J.A. and Holmes, C. (2010) Microglia in neurodegenerative disease. Nat. Rev. Neurol. 6, 193–201,
https://doi.org/10.1038/nrneurol.2010.17

49 Morgan, J.T., Chana, G., Pardo, C.A., Achim, C., Semendeferi, K., Buckwalter, J. et al. (2010) Microglial activation and increased microglial density
observed in the dorsolateral prefrontal cortex in autism. Biol. Psychiatry 68, 368–376, https://doi.org/10.1016/j.biopsych.2010.05.024

50 Albuquerque, E.X., Pereira, E.F., Alkondon, M. and Rogers, S.W. (2009) Mammalian nicotinic acetylcholine receptors: from structure to function. Physiol.
Rev. 89, 73–120, https://doi.org/10.1152/physrev.00015.2008

51 Leembruggen, A.J.L., Balasuriya, G.K., Zhang, J., Schokman, S., Swiderski, K., Bornstein, J.C. et al. (2020) Colonic dilation and altered ex vivo
gastrointestinal motility in the neuroligin-3 knockout mouse. Autism. Res. 13, 691–701, https://doi.org/10.1002/aur.2109

52 McGrath, J.J., Racicot, S., Okoli, C.T.C., Hammond, S.K. and O’Loughlin, J. (2018) Airborne Nicotine, Secondhand Smoke, and Precursors to Adolescent
Smoking. Pediatrics 141, S63–S74, https://doi.org/10.1542/peds.2017-1026J

53 Thomas, G.A., Rhodes, J. and Ingram, J.R. (2005) Mechanisms of disease: nicotine–a review of its actions in the context of gastrointestinal disease.
Nat. Clin. Pract Gastroenterol. Hepatol. 2, 536–544, https://doi.org/10.1038/ncpgasthep0316

54 Green, J.T., McKirdy, H.C., Rhodes, J., Thomas, G.A. and Evans, B.K. (1999) Intra-luminal nicotine reduces smooth muscle tone and contractile activity
in the distal large bowel. Eur. J. Gastroenterol. Hepatol. 11, 1299–1304, https://doi.org/10.1097/00042737-199911000-00020

55 Kortezova, N., Velkova, V., Mizhorkova, Z., Bredy-Dobreva, G., Vizi, E.S. and Papasova, M. (1994) Participation of nitric oxide in the nicotine-induced
relaxation of the cat lower esophageal sphincter. J. Auton. Nerv. Syst. 50, 73–78, https://doi.org/10.1016/0165-1838(94)90124-4

56 Ung, V.Y., Foshaug, R.R., MacFarlane, S.M., Churchill, T.A., Doyle, J.S., Sydora, B.C. et al. (2010) Oral administration of curcumin emulsified in
carboxymethyl cellulose has a potent anti-inflammatory effect in the IL-10 gene-deficient mouse model of IBD. Dig. Dis. Sci. 55, 1272–1277,
https://doi.org/10.1007/s10620-009-0843-z

57 Zembowicz, A., Hatchett, R.J., Radziszewski, W. and Gryglewski, R.J. (1993) Inhibition of endothelial nitric oxide synthase by ebselen. Prevention by
thiols suggests the inactivation by ebselen of a critical thiol essential for the catalytic activity of nitric oxide synthase. J. Pharmacol. Exp. Ther. 267,
1112–1118

58 Chassaing, B., Koren, O., Goodrich, J.K., Poole, A.C., Srinivasan, S., Ley, R.E. et al. (2015) Dietary emulsifiers impact the mouse gut microbiota
promoting colitis and metabolic syndrome. Nature 519, 92–96, https://doi.org/10.1038/nature14232

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

2957

https://doi.org/10.1128/IAI.00572-12
https://doi.org/10.1016/j.healun.2018.05.002
https://doi.org/10.1172/JCI200421086
https://doi.org/10.1053/j.gastro.2007.09.033
https://doi.org/10.1038/srep46252
https://doi.org/10.1038/sj.npp.1300597
https://doi.org/10.1152/ajpendo.00442.2007
https://doi.org/10.1152/ajpgi.00210.2016
https://doi.org/10.1111/bph.14114
https://doi.org/10.1002/1097-0185(20010101)262:1%3c79::AID-AR1013%3e3.0.CO;2-K
https://doi.org/10.1016/S0940-9602(03)80050-X
https://doi.org/10.1111/j.1743-3150.2004.00487.x
https://doi.org/10.1016/S0165-1838(98)00063-0
https://doi.org/10.3389/fncel.2020.00085
https://doi.org/10.1038/nrneurol.2010.17
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.1152/physrev.00015.2008
https://doi.org/10.1002/aur.2109
https://doi.org/10.1542/peds.2017-1026J
https://doi.org/10.1038/ncpgasthep0316
https://doi.org/10.1097/00042737-199911000-00020
https://doi.org/10.1016/0165-1838(94)90124-4
https://doi.org/10.1007/s10620-009-0843-z
https://doi.org/10.1038/nature14232


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Balasuriya, GK;Mohsenipour, M;Brassington, K;Dobric, A;De Luca, SN;Mou, K;Seow,
HJ;Lee, CYQ;Herath, M;Chan, SMH;Vlahos, R;Hill-Yardin, EL

Title:
Ebselen prevents cigarette smoke-induced gastrointestinal dysfunction in mice

Date:
2020-11-01

Citation:
Balasuriya, G. K., Mohsenipour, M., Brassington, K., Dobric, A., De Luca, S. N., Mou, K.,
Seow, H. J., Lee, C. Y. Q., Herath, M., Chan, S. M. H., Vlahos, R. & Hill-Yardin, E. L. (2020).
Ebselen prevents cigarette smoke-induced gastrointestinal dysfunction in mice. CLINICAL
SCIENCE, 134 (22), pp.2943-2957. https://doi.org/10.1042/CS20200886.

Persistent Link:
http://hdl.handle.net/11343/272051

License:
CC BY

http://hdl.handle.net/11343/272051
CC%20BY

