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Abstract

Crohn’s disease is a pathological condition of the gastro-intestinal tract, causing severe

transmural inflammation in the ileum and/or colon. Cigarette smoking is one of the best

known environmental risk factors for the development of Crohn’s disease. Nevertheless,

very little is known about the effect of prolonged cigarette smoke exposure on inflammatory

modulators in the gut. We examined the effect of cigarette smoke on cytokine profiles in the

healthy and inflamed gut of human subjects and in the trinitrobenzene sulphonic acid mouse

model, which mimics distal Crohn-like colitis. In addition, the effect of cigarette smoke on

epithelial expression of transient receptor potential channels and their concurrent increase

with cigarette smoke-augmented cytokine production was investigated. Active smoking was

associated with increased IL-8 transcription in ileum of controls (p < 0,001; n = 18-20/

group). In the ileum, TRPV1 mRNA levels were decreased in never smoking Crohn’s dis-

ease patients compared to healthy subjects (p <0,001; n = 20/group). In the colon, TRPV1

mRNA levels were decreased (p = 0,046) in smoking healthy controls (n = 20/group). Like-

wise, healthy mice chronically exposed to cigarette smoke (n = 10/group) showed elevated

ileal Cxcl2 (p = 0,0075) and colonic Kc mRNA levels (p = 0,0186), whereas TRPV1 mRNA

and protein levels were elevated in the ileum (p = 0,0315). Although cigarette smoke expo-

sure prior to trinitrobenzene sulphonic acid administration did not alter disease activity,

increased pro-inflammatory cytokine production was observed in the distal colon (Kc: p =

0,0273; Cxcl2: p = 0,104; Il1-β: p = 0,0796), in parallel with the increase of Trpv1 mRNA (p <
0,001). We infer that CS affects pro-inflammatory cytokine expression in healthy and

inflamed gut, and that the simultaneous modulation of TRPV1 may point to a potential

involvement of TRPV1 in cigarette smoke-induced production of inflammatory mediators.
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Introduction

Crohn’s disease (CD) is characterized by severe gastro-intestinal inflammation and results from

a complex interplay between genetic and environmental factors. In CD patients, a transmural

and discontinuous inflammation affects mainly the ileum and colon, however, inflammatory

lesions can extend to any part of the gastrointestinal tract [1, 2]. CD is mediated by a Th1

inflammatory response at the level of the gut mucosa [3]. Increased numbers of Th17 cells and

the production of Th17-related cytokines are also reported to be associated with active inflam-

mation in CD patients [4]. Emerging evidence suggests that the development of CD in suscepti-

ble individuals is a consequence of a dysregulated dialogue between the intestinal microbiota

and the immune system of the gut [5, 6]. In addition, environmental factors affect the incidence

and disease course of CD. Active smoking in particular is a very prominent risk factor [7].

Cigarette smoking (CS) doubles the risk of developing CD, and has detrimental effects on

its clinical course, necessitating increased need for steroids, immunosuppressive drugs, and

surgery [8, 9]. The effect of CS exposure on the intestine is complex and depends on the loca-

tion of inflammation. In addition, a wide range of substances are involved including nicotine,

acrolein, oxygen-free radicals and carbon monoxide. CS affects the mucus layer composition,

cytokine and eicosanoid production, immune cell functions, gastrointestinal motility, micro-

vasculature and even the composition and activity of the microbiome in the gastro-intestinal

tract [10–12]. We have previously shown that chronic CS exposure triggers the gut immune

system through the recruitment of immune cells to the Peyer’s patches, with an increase of

CCL9 and a decrease of CCR6 in the ileum [13, 14]. Experimental data investigating the effects

of CS in animal models of CD, e.g. the trinitrobenzene sulphonic acid (TNBS)-induced

Crohn-like colitis, are inconsistent [15]. CS exposure during four days or nicotine administra-

tion has been shown to aggravate TNBS-induced colonic inflammation, whereas also an atten-

uating effect or no effect at all has been reported [16–21].

To date, the mechanism underlying the modulation of cytokine production by CS remains

to be revealed. Transient receptor potential (TRP) channels, which act as sensors of various

intra- and extracellular stimuli, including CS components, are associated with CD-related

abdominal pain and could be implicated in inflammatory processes in the gut [22]. Previous

work indicated the involvement of TRP channels on sensory neurons in pro-inflammatory

responses of the colon, however, no consensus on the actual role of each channel has been

reached [23, 24]. Only TRPV4 has been shown to be implicated in gut inflammation [25, 26].

Until today, the importance of epithelial TRP channels in gut inflammation and the potential

modulation by CS has not yet been elucidated. The importance of TRP channels and CS in

intestinal inflammation has been reviewed recently [27].

In this manuscript, we investigated the effect of CS exposure on CD using gut tissue of

patients and a murine colitis model. We demonstrated that CS modulates pro-inflammatory

mediator production and TRPV1 expression and suggest that epithelial TRPV1 activation may

precede pro-inflammatory mediator release in the gut. We observed changes in IL-8 and

TRPV1 in the ileum of CD patients, which prompted us to investigate whether CS-induced

TRPV1 expression might be linked to a simultaneous cytokine/chemokine induction in exper-

imental mouse models and human gut cell lines.

Materials and methods

Patients

In total, 155 human subjects were examined. All patients were recruited at the Ghent Univer-

sity Hospital between 2010 and 2015. Patients and controls with a Pack Year of at least 10 were
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included as actively smoking. Ileal biopsies of 19 current smokers and 18 never smokers with

CD, and 18 current smokers and 20 never smokers without CD were collected. No selection

was made based on gender. In five controls and five patients, ileal and colonic biopsies were

taken from the same patient. The characteristics of the ileal biopsy donors are listed in Table 1.

Colonic biopsies of 20 never smokers and 20 current smokers with colonic CD, and 20 healthy

current smokers and 20 healthy never smokers were sampled. The characteristics of the

colonic biopsy donors are listed in Table 2. A current smoker was defined as a subject consum-

ing at least 10 cigarettes daily. A never smoker has never smoked in his/her entire life. The CD

patients were diagnosed based on the clinical, endoscopic and histological features of the

Table 1. Characteristics of ileal biopsy donors.

Control Ileum Ileal CD
Never smokers Current smokers Never smokers Current smokers

Number of subjects 20 18 18 19

Pack Year (mean, IQR) - 15,9 (4–50) - 15,9 (7,5–37)

Age (median, IQR) in years 53 (28–74) 51 (39–72) 34 (28–76) 43 (30–63)

Age at diagnosis (median, IQR) in years - - 28 (22–57) 31 (23–60)

Gender (Female/Male) 13/7 11/7 10/8 11/8

C-reactive protein (mean ± SD, IQR) in mg/dl 1,1 ± 2,3 (0,1–9,3) 2,4 ± 4,2 (0,1–14,8) 6,6 ± 13,7 (0,5–52,5) 9,9 ± 12,0 (0,9–37,1)

Medication

No Medication 20 18 1 3

Immunosuppressives 0 0 1 9

Corticosteroids 0 0 1 1

Biologicals 0 0 6 2

5-aminosalicylates 0 0 1 3

Combination 0 0 8 2

PY: Pack year. CD: Crohn’s disease. SD: standard deviation. IQR: interquartile range. �: p < 0,05.

https://doi.org/10.1371/journal.pone.0236657.t001

Table 2. Characteristics of colonic biopsy donors.

Control Colon Colonic CD
Never smokers Current smokers Never smokers Current smokers

Number of subjects 20 20 20 20

Pack Year (mean, IQR) - 17,1 (10–40) - 13 (7,75–34)

Age (median, IQR) in years 55,5 (31–74) 50 (42,5–76) 34,5 (28–60) 39 (30–51)

Age at diagnosis (median, IQR) in years - - 26,5 (20–56) 31 (22–46)

Gender (Female/Male) 11/9 12/8 11/9 7/13

C-reactive protein (mean ± SD, IQR) in mg/dl 1,07 ± 2,24 (0,1–9,3) 2,3 ± 4,41 (0,1–14,8) 4,49 ± 12,55 (0,5–52,5) 11,77 ± 12,01 (1,35–37,1)

Medication

No Medication 20 20 3 5

Immunosuppressives 0 0 2 7

Corticosteroids 0 0 1 1

Biologicals 0 0 4 3

5-aminosalicylates 0 0 3 2

Combination 0 0 6 2

PY: Pack year. CD: Crohn’s disease. SD: standard deviation. IQR: interquartile range. �: p < 0,05.

https://doi.org/10.1371/journal.pone.0236657.t002
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Lennard-Jones’ criteria [28]. Control biopsies were obtained from patients who underwent

colonoscopy for follow-up of polyp detection or colon carcinoma screening. The controls do

not suffer from any inflammatory diseases. The samples were stored in RNAlater at -80˚C for

qPCR analysis or formalin-fixed, paraffin-embedded and evaluated for histologic inflamma-

tion. TRPV1 and IL-8 expression was investigated by immunohistochemistry and qPCR. This

study was approved by the local Ethical Committee of University Hospital Ghent (EC UZG

2010/116) and involved Caucasian participants. The above described methods were carried

out in accordance with the approved guidelines. Written informed consent was obtained from

all participating subjects.

Animals

Male C57BL/6 mice were purchased from Charles River Laboratories (Beerse, Belgium). All

mice were 6–8 weeks old at the start of the cigarette smoke exposure. The mice were housed in

groups of 5 mice per cage, containing untreated wood shavings and a plastic house for envi-

ronmental enrichment. The animal room was controlled and maintained at a temperature of

22˚C, humidity of 50% and a 12h/12h light/dark cycle. All mice had free access to water and

were offered a standard chow diet ad libitum (Carfil Quality, Turnhout, Belgium). Each group

consists of 10 mice. Two groups of 10 mice were used in the six-month cigarette smoking

experiment and four groups of 10 mice were used in the TNBS experiment. In total, 60 mice

were sacrificed. The Ethical Committee for animal experimentation of the faculty of Medicine

and Health Sciences (Ghent, Belgium) approved all experiments (ECD 25/11). The above

described methods were carried out in accordance with the approved guidelines of the Ethical

Committee.

Cigarette smoke exposure

Mice were exposed whole body to mainstream cigarette smoke, as described previously [29].

Briefly, groups of 10 mice were exposed to the tobacco smoke of five cigarettes (Reference Cig-

arette 3R4F without filter; University of Kentucky, Lexington, KY, USA) four times a day with

30 min. smoke-free intervals, five days per week for 4 or 24 weeks. An optimal smoke:air ratio

of 1:6 was obtained. The control groups were exposed to air. Carboxyhaemoglobin in serum of

CS-exposed mice reached a non-toxic level of 8.7 ± 0,31% (compared with 0.65 ±0,25% in air-

exposed mice), which is similar to carboxyhaemoglobin blood concentrations of human smok-

ers [30].

Experimental colitis

After four weeks of smoke exposure, colitis was induced one day after cessation of exposure by

intrarectal administration of 100 μl of 2.5% (w/v) TNBS (5% picrylsulfonic acid solution;

Sigma Aldrich, Zwijndrecht, the Netherlands) diluted 1:1 in absolute ethanol, as described pre-

viously [21]. Mice were fasted one day before TNBS administration. Anesthetized mice were

given either a 100 μl TNBS or sham (PBS diluted 1:1 in absolute ethanol) enema. To minimize

excretion of TNBS solution, animals were inverted for 60 seconds following completion of the

enema. Body weight was monitored throughout the study. At day two post-colitis induction,

mice were sacrificed. The mice were euthanized with an overdose of pentobarbital (Sanofi-

Ceva, Paris, France). The distal colon was excised and its length was measured, after which

colonic samples were fixed in 4% (w/v) paraformaldehyde, stored in RNAlater (Qiagen, Hil-

den, Germany) or snap-frozen.
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Cell culture

The human colorectal adenocarcinoma cell lines HT-29 (HTB-38™) [31], Caco-2 (HTB-37™) [31]

and T-84 (CCL-248™) [32] were purchased from the American Type Culture Collection (ATCC,

Rockville, MD). Caco-2 was maintained in Dulbecco’s Modified Eagle Medium (DMEM) with

10% foetal calf serum (FCS). T84 was maintained in Dulbecco’s Modified Eagle Medium/Nutri-

ent mixture F-12 with 5% FCS. HT-29 was maintained in DMEM containing 10% FCS, 100 U/

mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, and 0.1 mM non-essential amino

acids. All cell cultures were grown at 37˚C and a humidified atmosphere of air/CO2 (95:5, v/v),

with three medium changes per week. All media and supplements were purchased from Life

Technologies (Merelbeke, Belgium). To induce differentiation, T-84 cells were seeded on 24-well,

0.4 μm pore diameter, semipermeable inserts (Greiner Bio-One, Vilvoorde, Belgium) at a density

of 105 cells per well and cultured for 3 weeks. Medium was changed three times per week. After

this period, the integrity of the monolayer was evaluated by measuring the TEER using a Millicell

ERS-2 Volt-Ohm Meter (Merck Millipore, Billerica, MA, USA) to ensure monolayers with TEER

values of 700O.cm2 or higher were obtained [33]. For TRPV1 staining, HT-29 and T-84 cells

were plated on glass chamber slides (Fisher Scientific, Merelbeke, Belgium) at a cell density of

5 × 104/well and cultured for 24 hours, after which the cells were harvested and washed with ice-

cold PBS and fixed with 4% paraformaldehyde, while being kept in the chamber slides.

H&E staining and scoring

Paraffin-embedded 4 μm tissue sections were taken from ileal and colonic tissue samples,

dewaxed and rehydrated. The sections of human and mouse were both stained with H&E. The

H&E staining was performed using the Tissue-Tek Prisma/Film automated slide stainer

(Sakura, Torrance, US). Only in TNBS-treated mice, the degree of colon inflammation was

scored in a blinded manner and independently by two pathologists according to a scoring

scheme (Table 3) adapted from Van der Sluis et al., 2006 [34]. The histologic scoring was per-

formed on the two most distal colonic sections, 5 mm apart from each other, and on a proxi-

mal section at approximately 5 cm from the rectum.

Immunohistochemistry/fluorescence for TRPV1

Paraffin-embedded sections of human and mouse ileum and colon were dewaxed, after which

treatment with Tris/EDTA (pH = 9) was performed for antigen retrieval. Endogenous peroxi-

dase activity was blocked with 0.3% H2O2, followed by blocking of non-specific binding sites

with 1% BSA in PBS. Subsequently, slides were incubated with the primary antibody

Table 3. Histologic score to quantify the degree of gastrointestinal inflammation.

Score

0 1 2 3 4

Goblet cells -

Mucosa thickening -

Inflammatory cells -

Submucosa cell infiltration - -

Destruction of architecture - -

Ulcers (epithelial cell surface) 0% 0–25% 25%-50% 50%-75% 75%-100%

Crypt abscesses 0 1–3 4–6 7–9 >10

Scoring scheme adapted from Van der Sluis et al., 2006.

https://doi.org/10.1371/journal.pone.0236657.t003
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(polyclonal rabbit anti-TRPV1, ab31895 for mouse and ab63083 for human, Abcam) or rabbit

IgG isotype control at room temperature for one hour and with the biotinylated goat anti-rab-

bit secondary antibody (DAKO Agilent, Santa Clara, US) for 30 min at room temperature.

Thereafter, HRP-conjugated streptavidin (DAKO Agilent, Santa Clara, US) was applied for 30

min. DAB was used as an enzyme substrate before counterstaining with haematoxilin. The tri-

geminal ganglia of a wild-type mouse were used as a positive control. TRPV1 protein expres-

sion was quantified in an area containing 10 aligning longitudinal villi using the AxioVision

software (Carl Zeiss, Zaventem, Belgium). For normalization, the measured area staining posi-

tive for TRPV1 was divided by the total area containing the 10 longitudinal villi.

TRPV1 staining of HT-29 and T-84 cells was performed by blocking paraformaldehyde-

fixed cells with 1% BSA/PBS and incubating with anti-human TRPV1 (ab63083, Abcam, Cam-

bridge, UK; 1:100) overnight at 4˚C. Detection was performed with an AlexaFluor594-conju-

gated secondary antibody (Life Technologies) and DAPI (1:5000) as a nuclear stain. Stained

cells were viewed with a fluorescence microscope (Carl Zeiss, Zaventem, Belgium).

Quantitative real-time PCR

RNA from ileum, proximal and distal colon of mice and human ileal and colonic biopsies was

extracted using the Qiagen miRNeasy Mini Kit (Qiagen, Hilden, Germany). Subsequently,

cDNA was synthesized by reverse transcription using the iScript™ cDNA Synthesis kit (Bio-

Rad Laboratories, Nazareth, Belgium) following the manufacturer’s instructions. Expression of

mouse target genes Kc, Cxcl2, Il-1β, Trpv1 and human target genes TRPV1 and IL-8, and refer-

ence genes high mobility group 20a (Hmg20a), hydroxymethylbilane synthase (Hmbs) and

glyceraldehyde-3-phosphate (Gapdh) (sequences are provided in Table 4), was analyzed by

qRT-PCR using the SensiMix™ SYBR No-ROX Kit (Bioline, London, UK). qRT-PCR was per-

formed on a LightCycler480 detection system (Roche, Vilvoorde, Belgium) with the following

cycling conditions: 10 min incubation at 95˚C, 45 cycles of 95˚C for 10 seconds and 60˚C for 1

min. Melting curve analysis confirmed primer specificity. The PCR efficiency of each primer

pair was calculated using a standard curve from reference cDNA. The amplification efficiency

was determined using the formula 10−1/SLOPE—1.

Protein extraction, Luminex assay and ELISA

25–30 μg of snap-frozen mouse distal colon samples were suspended in a 10 times volume of

0.9% NaCl solution with protease inhibitor Complete Roche (Roche, Vilvoorde, Belgium) and

Table 4. Primer sequences qRT-PCR.

Gene Symbol Accession Number Forward Primer (5’-3’) Reverse primer (3’-5’) Effic R2

Mouse

Hmbs NM_001110251 AAGGGCTTTTCTGAGGCACC AGTTGCCCATCTTTCATCACTG 99 0,99

Hmg20a NM_025812 AGTGGAGAAATACCAACAGTGGA AAGTTTTCGTTGTCTTGGGGAT 98 0,9979

Cxcl1/Kc NM_008176 ACCGAAGTCATAGCCACACTC TCTCCGTTACTTGGGGACAC 95 0,9995

Cxcl2 NM_009140 GCGCCCAGACAGAAGTCATAG AGCCTTGCCTTTGTTCAGTATC 89,2 0,99

Il-1β NM_000576 CACGATGCACCTGTACGATCA GTTGCTCCATATCCTGTCCCT 97 0,9987

Trpv1 NM_001001445 CCGGCTTTTTGGGAAGGGT GAGACAGGTAGGTCCATCCAC 103 0,9596

Human

Gapdh NM_002046 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 91 0,9936

Hmbs NM_000190 GGCAATGCGGCTGCAA GGGTACCCACGCGAATCAC 101 0,998

Trpv1 NM_080706 CTGCCCGACCATCACAGTC CTGCGATCATAGAGCCTGAGG 93 0,9177

Il-8 NM_000584 TGTTCCACTGTGCCTTGGTTTC TGTGAGGTAAGATGGTGGCTAATAC 98 0,9925

https://doi.org/10.1371/journal.pone.0236657.t004
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pulverized by means of a mechanical TissueLyser LT (Qiagen, Hilden, Germany) at 50 oscilla-

tions per second for 2 minutes in pre-chilled eppendorfs. The tissue homogenates were centri-

fuged at 12000 g for 5 minutes at 4˚C and the supernatants were stored at –20˚C until further

analysis.

Protein levels of mouse CXCL1/KC, CXCL2 and IL-1β were measured by means of the

Luminex xMAP Technology Reader using the Magnetic Luminex Screening Assay (R&D Sys-

tems, Abingdon, UK) on a Bio-PlexTM 200 Array Reader (BioRad, Nazareth, Belgium) accord-

ing to the manufacturer’s instructions.

The IL-8 protein content of human cell culture supernatant was measured by ELISA

according to the manufacturer’s instructions (human CXCL8/IL-8 Duoset ELISA, R&D Sys-

tems, Abingdon, UK).

The CRP level in human patient blood was determined by ELISA in the Clinical Biology

Lab of the Ghent University Hospital.

Statistical analysis

Gene expression levels depicted in bar graphs were expressed as mean ± standard error of the

mean (= SEM) and error bars depict the SEM. Statistical analysis was performed using

ANOVA following post-hoc Tukey tests or Student’s t-test. Gene expression levels depicted in

boxplots were expressed as median ± error. Statistical analysis was performed using a general

linear model with smoking, IBD status and their interaction as independent variables, and

either protein or gene expression level as dependent variable using R version 3.60. Multiple

comparison to determine statistically significant pairs was performed using the multicomp
package (S1 File). A p-value of less than 0.05 was considered significant. We applied the Intra-

class Correlation Coefficient in order to determine correlation between histologic scores

assessed by two independent pathologists.

Results

Smoking affects IL-8 and TRPV1 expression in the human gut

To address the effect of smoking on IL-8 and TRPV1 expression in the human healthy and

inflamed gut, we analyzed ileal and colonic biopsies of 155 subjects (Tables 1 and 2). Pack

years were comparable among current smokers and age of diagnosis was equal among CD

patients. The mean age of the subjects was comparable within the CD and control groups, with

a lower median age for CD patients compared to the healthy controls. As each group contains

a wide range of ages (shown by IQR in Tables 1 and 2), age was taken into account as a con-

founding factor in the statistical analysis.

C-reactive protein (CRP) levels were not significantly different among ileal CD patients and

their controls. In the ileal CD patient groups, never smokers mostly receive biological or com-

bination therapy, while current smokers mostly receive immunosuppressives. In agreement

with literature, IL-8 mRNA was strongly induced in ileal biopsies of CD patients compared to

healthy controls (both never and active smokers) (Fig 1A). IL-8 mRNA is marginally induced

in ileal biopsies of healthy active smokers compared to healthy never smokers. In CD, IL-8 lev-

els are similar in ileal biopsies of never and active smokers (Fig 1A). In the ileum, TRPV1

mRNA is elevated in never smoking healthy controls compared to never smoking CD patients

(Fig 1C). Expression of TRPV1 mRNA and protein remained unchanged in the ileum (Fig 1C

and 1E). A TRPV1-stained ileal biopsy of a currently smoking CD patient is shown in Fig 1G.

In currently smoking colonic CD patients, CRP levels were significantly increased com-

pared to never smoking CD patients. In agreement with literature, IL-8 mRNA was strongly

induced in colonic biopsies of CD patients compared to healthy controls (Fig 1B). In CD,
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Fig 1. mRNA expression of Il-8 and mRNA and protein expression of TRPV1 in the ileum and colon of never and currently

smoking healthy subjects and Crohn’s Disease (CD) patients. mRNA values are relative to the expression of two reference genes

(glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hydroxymethylbilane synthase (HMBS)). TRPV1 protein values were

measured via immunohistochemical staining. (A) Expression of Il-8 mRNA in the ileum significantly increases in currently

smoking controls (p = 0.0143) and in both never and currently smoking CD patients compared to their respective controls (both

p< 0.0001). (B) Expression of Il-8 mRNA in the colon significantly increases in currently and never smoking CD patients

compared to their respective controls. (C) Expression of Trpv1 mRNA in the ileum increased in never smoking CD patients
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smoking does not show a significant increase of IL-8 mRNA levels in colonic biopsies of active

smoking CD patients compared to never smoking CD patients (Fig 1B). Expression of TRPV1

mRNA and protein remained unchanged in the colon (Fig 1D and 1F). A TRPV1-stained

colonic biopsy of a currently smoking CD patient is shown in Fig 1H (S2 File).

Chronic cigarette smoke exposure induces cytokine/chemokine expression

and TRPV1 in the murine gut

To further investigate the influence of cigarette smoke (CS) on intestinal cytokines/chemo-

kines and TRPV1 expression in the gut, we exposed C57/Bl6 mice to CS during 24 weeks as

described previously [35]. The expression of the mouse IL-8 homologues chemokine (C-X-C

motif) ligand 2 (CXCL2) and keratinocyte chemoattractant (KC) was evaluated. In the CS-

exposed mice, Cxcl2 mRNA was increased only in the ileum and Kc mRNA was elevated only

in the distal colon (Fig 2A and 2B). Considering the increased interest in TRP channels and

their potential role in pro-inflammatory responses in the gut [36], we assessed the expression

of TRPV1 in the gut. Real-time qPCR on total mRNA isolated from mouse whole intestinal tis-

sue from three specific gut regions (ileum, proximal and distal colon) demonstrated detectable

levels of mouse Trpv1 transcripts in all regions. In ileum, Trpv1 mRNA expression was signifi-

cantly elevated by CS exposure (Fig 2C). Assessing protein expression of TRPV1 by immuno-

histochemistry in ileal and colonic sections revealed that TRPV1 expression increased in gut

epithelial cells after chronic CS exposure and was present on the surface of the gut epithelium

(Fig 2F–2I), as quantified by image analysis (Fig 2D–2I) (S3 File).

Prior cigarette smoke exposure does not affect the development of TNBS-

induced colitis in mice

We evaluated the development of TNBS-induced colitis in C57BL/6 mice that were previously

exposed to CS or air during 4 weeks (Fig 3A). Two days after TNBS challenge, mice developed

colitis as assessed by a significant body weight loss of 20% (Fig 3B) and colon length shortening

(Fig 3C) compared to sham treatment. No significant differences in weight loss were observed

in TNBS-treated mice that were either air- or CS-exposed (Fig 3B). At two days post-TNBS-

enema, histological inflammation and epithelial destruction was apparent in the TNBS-treated,

but not in the sham-treated group, which was not significantly affected by CS exposure (Fig

3D–3F). Also, no changes in colon length due to CS exposure were observed (Fig 3C) (S4 File).

Prior cigarette smoke exposure aggravates TNBS-induced pro-

inflammatory mediator production and TRPV1 expression in the gut

In mice exposed to air, TNBS treatment induced the expression of KC, CXCL2 and IL-1β in the

distal colon, both at the mRNA and protein level two days post-TNBS (Fig 4A–4F). Exposure to

CS significantly aggravated the expression of TNBS-induced Kc, Cxcl2 and Il-1β mRNA in the

distal colon after two days (Fig 4A, 4C and 4E). Also at protein level, CS exposure tended to

compared to their controls (p = 0.052) and decreased in never smoking CD patients compared to never smoking healthy controls

(p< 0.001). (D) Expression of Trpv1 mRNA in the colon decreased in active smoking healthy subjects compared to never smoking

healthy subjects. (E) Expression of TRPV1 protein remained unchanged in the ileum. (F) Expression of TRPV1 protein in the

colon remained unchanged. (G) Ileal biopsy of a never smoking control (1), a currently smoking control (2), a never smoking CD

patient (3) and a currently smoking CD patient (4) stained for TRPV1. (H) Colonic biopsy of a never smoking control (1), a

currently smoking control (2), a never smoking CD patient (3) and a currently smoking CD patient (4) stained for TRPV1. Data

are represented as median±error. �: p< 0.05; ��: p< 0.01; ���: p< 0.001. Potential confounding factors (age, gender) were taken

into account for statistical analysis.

https://doi.org/10.1371/journal.pone.0236657.g001
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induce the expression of KC and CXCL2, and significantly increased IL-1β in distal colonic tis-

sue of TNBS-challenged mice (Fig 4B, 4D and 4F). A significant increase could not be shown

for KC and CXCL2 protein, probably due to the small sample size of 10 mice/group. Notably,

CS exposure during 4 weeks also modulated pro-inflammatory mediator expression in sham-

treated animals, with nominal increases in KC, CXCL2 and IL-1β either at mRNA and protein

level. Furthermore, we demonstrated that Trpv1 mRNA expression is induced in the distal

colon of TNBS-challenged CS-exposed mice compared to the air-exposed mice two days post-

TNBS (Fig 4G), which is in line with the CS-induced aggravation of TNBS-induced CXCL2, KC

and IL-1β (Fig 4A–4F). No changes in TRPV1 protein were observed in CS-exposed mice two

days post-TNBS compared to sham-treated mice (Fig 4H) (S4 File).

The TRPV1 channel is expressed by gut epithelial cells

To assess whether TRPV1 is specifically expressed by epithelial cells in the gut, as we observed

in mouse ileum (Fig 2F–2I), we performed real-time qPCR on total mRNA isolated from

Fig 2. Expression of cytokines/chemokines and TRP channels in non-inflamed C57/Bl6 mice chronically exposed to air or Cigarette

Smoke (CS). Relative to the expression of two reference genes (hydroxybilane synthase (HMBS) and high mobility group 20a

(HMG20A)). (A) mRNA expression of Cxcl2 significantly increases in the ileum after 24 weeks of CS exposure (p = 0.0075). (B) mRNA

expression of Kc significantly increases in the distal colon after 24 weeks of CS exposure (p = 0.0186). (C) mRNA expression of Trpv1
significantly increases in the ileum after 24 weeks of CS exposure (p = 0.0315). (D) Protein expression of TRPV1 significantly increases in

the ileum after 24 weeks of CS exposure (p = 0.0317). (E) Protein expression of TRPV1 remains unchanged in the colon. (F) TRPV1

protein in ileum section of an air-exposed mouse. (G) TRPV1 protein in ileum section of a mouse exposed to CS during 24 weeks. (H)

TRPV1 protein in colon section of an air-exposed mouse. (I) TRPV1 protein in colon section of a mouse exposed to CS during 24 weeks.

ANOVA was performed. P-values lower than 0.05 were considered significant. Data are represented as mean±SEM. �: p< 0.05; ��:

p< 0.01; ���: p< 0.001.

https://doi.org/10.1371/journal.pone.0236657.g002
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Fig 3. Effect of CS exposure on histology and clinical parameters of TNBS-induced colitis. (A) The applied protocol for CS exposure

and TNBS-induced colitis. Mice were exposed to CS four times a day during four weeks. The day after the last CS exposure, TNBS was

administered intrarectally. Mice were sacrificed at day two (D2). (B) Body weight displayed as percentage of the weight at the day of the

last CS exposure (D-1). (C) Colon length (in cm) at two days post-TNBS treatment. Colons were excised from anus to caecum. Before

measuring the length, the rectum (5 mm starting from the anus) was removed. (D) Distal colon of the PBS-challenged control group. (E)

Distal colon of an air-exposed mouse two days post-TNBS enema. (F) Histological score of inflammation in the distal colon at two days

PLOS ONE The effect of cigarette smoke on inflammatory mediators and TRPV1 in the gut.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236657 August 6, 2020 11 / 20

https://doi.org/10.1371/journal.pone.0236657


whole intestinal tissue from three specific gut regions (ileum, proximal and distal colon) and

the human gut epithelial cell lines HT-29, Caco-2 and T-84. We found detectable levels of

TRPV1 transcripts in both human and mouse gut tissue (Figs 1, 2 and 4). In vitro, HT-29,

Caco-2 and T-84 cells show the expression of Trpv1 mRNA (Fig 5A). Trpv1 mRNA expression

was highest in T-84 cells, especially upon differentiation. We observed the expression of

TRPV1 protein in HT-29 as well as undifferentiated and differentiated T-84 (Fig 5B–5D) (S5

File).

Discussion

In this study, we demonstrate that CS exposure affects cytokine/chemokine profiles, in line

with epithelial TRPV1 expression, in the healthy and inflamed gut. We first showed that active

smoking of human subjects induces IL-8 expression in the gut. In addition, a decrease in

TRPV1 mRNA was found in never smoking patients suffering from Crohn’s ileitis and in the

colon of healthy active smokers. Second, we found that CXCL2, a mouse IL-8 homologue, and

epithelial TRPV1 are simultaneously induced in the ileum of mice chronically exposed to CS.

Furthermore, using a TNBS-induced gut inflammation model, we showed that, although that

CS did not affect disease phenotype at a macroscopic level, it did increase CXCL2, KC and IL-

1β, and TRPV1 levels in the inflamed distal colon of mice. Therefore, we suggest that CS expo-

sure affects cytokine/chemokine profiles in healthy and inflamed gut, and concurrent CS-aug-

mented TRPV1 may point to a correlation between IL-8 and TRPV1 increase.

A first striking finding was the induction of IL-8 in the gut of human active smokers. IL-8,

and its murine homologues CXCL2 and KC, are key inflammatory mediators in acute mucosal

inflammation, being involved in chemoattraction of neutrophils to the site of inflammation

[12, 37]. In our study, IL-8 was increased in human active smokers depending on the gut loca-

tion. In the ileum, IL-8 was augmented in actively smoking controls, while in the colon, IL-8

was elevated in actively smoking CD patients. This shows that CS boosts IL-8 expression in the

human gut, which might promote neutrophil recruitment. It has previously been reported that

IL-8 is increased in gut mucosal biopsies of smokers [38], which we now confirmed on a data-

set of 155 patients. A study by Mortaz et al. states that cigarette smoke extract elicits an induc-

tion of IL-8 in plasmacytoid dendritic cells, resulting in IL-8-induced neutrophil recruitment

[39]. However, also the epithelium can be a source of IL-8 production [40]. Using a murine

model of chronic CS exposure (24 weeks), we are the first to demonstrate that both the func-

tional IL-8 homologues CXCL2 and KC were increased in the ileum and colon respectively of

mice chronically exposed to CS. Similar increases in CXCL2 and KC were observed in the dis-

tal colon in the 4-week-model of CS exposure. Taken together, these data indicate that CS

could promote the attraction of neutrophils towards the ileal and colonic mucosa via the pro-

duction of chemoattractants.

Another important finding was that CS aggravates the TNBS-induced cytokine and chemo-

kine profile in the distal colon two days after initiation of inflammation. The cytokines and

chemokines KC, CXCL2 and IL-1β were already increased due to TNBS administration.

When combined with CS exposure, mRNA and protein levels of KC, CXCL2 and IL-1β were

further augmented in the distal colon of TNBS-challenged mice. This suggests that CS is an

additive factor for cytokine/chemokine production and boosts neutrophil and macrophage

activity, resulting in increased cytokine/chemokine production. IL-1β, produced by macro-

phages through activation of the inflammasome and thereby promoting inflammation, is also

post-TNBS treatment. The independent investigators show a kappa of 0,287. ANOVA was performed. Data are represented as mean

±SEM. �: p< 0.05; ��: p< 0.01; ���: p< 0.001.

https://doi.org/10.1371/journal.pone.0236657.g003
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Fig 4. Inflammatory gene expression levels in TNBS-challenged mice. mRNA expression of cytokines in the distal

colon of 10 mice/group was analyzed using real-time qPCR at two days post-TNBS-treatment. Expression levels were

normalized to the reference genes high mobility group 20a (HMG20a) and hydroxymethylbilane synthase (HMBS).

Protein expression of cytokines (CXCL2, KC and IL-1β) in the distal colon of 10 mice/group was analyzed using the

Luminex technology and values are expressed in pg/ml tissue homogenate. Protein expression of TRPV1 in the distal

colon of 10 mice/group was analyzed by microscopy and values are expressed in pixels/μm2. (A) mRNA expression of

Cxcl1/Kc increases in response to TNBS administration and after smoke exposure in both PBS- and TNBS-treated

mice. (B) Protein expression of CXCL1/KC tends to increase in response to TNBS administration in CS-exposed mice

and after smoke exposure in TNBS-treated mice. (C) mRNA expression of Cxcl2 increases in response to TNBS

administration and after smoke exposure in both PBS- and TNBS-treated mice. (D) Protein expression of CXCL2

tends to increase in response to TNBS administration and after smoke exposure in both PBS- and TNBS-treated mice.

Data were log-transformed. (E) mRNA expression of Il-1β increases in response to TNBS administration and tends to

increase after smoke exposure only in TNBS-treated mice. (F) Protein expression of IL-1β increases in TNBS-

challenged smoke-exposed mice and after smoke exposure in both PBS- and TNBS-treated mice. Data were log-

transformed. (G) mRNA expression of Trpv1 increases in CS-exposed TNBS-challenged mice. (H) Protein expression

of TRPV1 remained unchanged in TNBS-challenged smoke-exposed mice compared to smoke-exposed controls.

Linear regression analysis was performed. Data are represented as median±error. �: p< 0.05; ��: p< 0.01; ���:

p< 0.001.

https://doi.org/10.1371/journal.pone.0236657.g004
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known to be raised in a TNBS-challenged colon [41, 42]. Also, it is known that neutrophils are

involved in the potentiating effects of acute CS exposure on TNBS colitis in rats [43–45].

Despite the increases in cytokine/chemokine production by CS exposure, we could not

show any further aggravation of histological inflammation or clinical signs such as weight loss.

Hitherto, the effect of CS exposure or its components has been studied in several animal mod-

els for inflammatory bowel disease, among which TNBS-induced colitis, yielding ambiguous

results [15]. Previous studies have shown a potentiating effect of CS on TNBS-induced colitis,

at three days post-enema, demonstrating a promotion of neutrophil infiltration and free radi-

cal production, an upregulated expression of the α-7-nicotinic acetylcholine receptor, deple-

tion of glutathione and overproduction of leukotriene B4 [12, 16, 18, 43]. However, in contrast

to our smoke exposure model, these studies did not investigate the effect of four weeks pro-

longed CS exposure prior to the administration of TNBS.

Fig 5. mRNA and protein expression of TRPV1 in gut epithelial cell lines. mRNA values are relative to the expression of two reference genes (glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and hydroxymethylbilane synthase (HMBS)). TRPV1 protein was assessed via fluorescent staining. (A) mRNA expression level

of TRPV1 in HT-29, Caco-2 and T-84. (B) Fluorescent image of HT-29 cells stained for TRPV1. (C) Fluorescent image of undifferentiated T-84 cells stained for TRPV1.

(D) Fluorescent image of differentiated T-84 cells stained for TRPV1. Red: TRPV1. Blue: nuclei.

https://doi.org/10.1371/journal.pone.0236657.g005
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In addition, we show that the TRP channel TRPV1 is expressed by the ileal and colonic epi-

thelium, confirming the study by Kun et al. describing the presence of the channels TRPA1

and TRPV1 on colonic epithelial cells, macrophages and enteric ganglia [46]. We detected

their expression in both ileum and colon of mice, human ileal and colonic biopsies and HT-

29, Caco-2 and T-84 epithelial cells in vitro. To date, TRP channels are known as nociceptive

receptors expressed by sensory neurons, for instance being involved in neurogenic inflamma-

tory processes in the distal colon [27, 47].

Interestingly, TRPV1 expression appeared to be modulated in conditions of inflammation

and CS exposure in the intestine of both humans and mice. In CD patients who have never

smoked, we found a decrease in ileal and colonic TRPV1 mRNA compared to their controls,

probably due to the destruction of epithelium in the inflamed intestinal regions. It has been

shown previously that TRPV1 is naturally activated in response to damage and repair [48],

however mRNA levels are not sufficient to support a functional role for TRPV1. In the colon, a

decrease in TRPV1 mRNA was denoted in actively smoking human subjects compared to

never smokers. These interesting human data prompted us to further analyze the effect of CS

on Trpv1 expression using experimental mouse models. We showed that chronic smoke expo-

sure of non-inflamed mice induced ileal Trpv1 expression. In the distal colon of TNBS-chal-

lenged mice, Trpv1 is solely increased by four weeks prior CS exposure, suggesting a

synergistic effect of CS and TNBS in inducing Trpv1 expression.

Furthermore, a concurrent modulation of IL-8 and TRPV1 occurs in the ileum of active

smokers. Although CS-induced expression of IL-8 and TRPV1 was not strictly co-regulated in

the ileum and colon of human subjects, CS-induced TRPV1 expression paralleled cytokine/

chemokine induction in the ileum of mouse. TRPV1 and CXCL2 were simultaneously induced

in the ileum of mice chronically exposed to CS. Also, the CS-mediated aggravation of TNBS-

induced CXCL2 in the distal colon of inflamed mice parallels CS-induced Trpv1 mRNA in the

distal colon of TNBS-inflamed mice. The discordance between human and mouse data may be

due to the nature of human and mouse studies: mouse experiments are performed in a con-

trolled environment, while the human population, even within one study, is very heteroge-

neous. Also, protein data did not fully confirm the mRNA data, which might indicate that the

power of the study is a limitation. In addition, mRNA presence does not always correlate to

protein expression and may depend on the half-life of the particular proteins and mechanisms

such as mRNA degradation and stability, post-transcriptional modification, RNA transport

and processing.

Duration of CS exposure, presence of inflammation and gut location determine whether

TRPV1 is simultaneously increased with cytokine/chemokine production. It might be that CS-

induced increase of IL-8 and TRPV1 is linked. However, upregulation of TRPV1 could also be

a consequence of inflammation, e.g. in TNBS-induced colitis, although CS on its own only

boosts cytokine production without any histological damage. Future research is needed, expos-

ing TRPV1-/- mice and wild-type mice treated with TRPV1 inhibitors and agonists to CS, to

investigate the potential link between TRPV1 and inflammatory mediator production.

Next to local cytokine induction in the human gut, the effect of smoking on the immune

system is also reflected in CRP levels in the serum. Moreover, in currently smoking colonic

CD patients, higher CRP levels were found. In ileal CD patients, the increase was not signifi-

cant, probably due to high inter-patient variation. A larger cohort would be needed. Further-

more, our data might show a smoking-dependent shift in the treatment strategy of CD

patients with ileal involvement: never smokers mostly receive biological or combination ther-

apy, while current smokers mostly receive immunosuppressives. However, a multi-center

study with a larger cohort would be needed to present significant conclusions. The current

data show that CS exposure seemingly acts as a trigger of the gut immune system, serving as a
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predisposing environmental factor for potential development of inflammation, which corre-

sponds with our previous findings that chronic CS exposure in mice triggers the recruitment

of immune cells to the ileal Peyer’s patches [14].

In conclusion, we demonstrated, using human gut samples as well as murine models, that

CS modulates pro-inflammatory cytokines/chemokines and suggest a link between inflamma-

tion and TRPV1 expression in the gut. CS-augmented expression of cytokines/chemokines

and TRPV1 often occurs simultaneously, suggesting a link between both. Future research is

needed to investigate whether TRPV1 might be involved in CS-increased production of cyto-

kines and chemokines.

Supporting information

S1 File. Regression analysis.

(PDF)

S2 File. Human study.

(XLSX)

S3 File. Mouse study–long-term smoking.

(XLSX)

S4 File. Mouse study–TNBS experiment.

(XLSX)

S5 File. Cell line experiments.

(XLSX)

S1 Fig. Weight loss in healthy CS-exposed mice.

(TIF)

Acknowledgments

We thank Ran Rumes and Lynn Supply for the support with the animal experiments and the

processing of the samples, and Eliane Castrique, Katleen de Saedeleer, Anouk Goethals, Ann

Neesen, Indra de Borle, Evelyn Spruyt, Greet Barbier and Lien Coulembier for the excellent

technical support with the animal experiments. We are very grateful to Gabrielle Holtappels

for the technical assistance with the Luminex assays. We thank Elien Glorieus, Pieter Hin-

dryckx and Koen Gorleer for contributing to the collection of the human samples.

Author Contributions

Conceptualization: Liesbeth Allais, Stephanie Verschuere, Tania Maes, Harald Peeters, Mar-

tine De Vos, Guy G. Brusselle, Ken R. Bracke, Claude A. Cuvelier, Debby Laukens.

Data curation: Liesbeth Allais, Claude A. Cuvelier, Debby Laukens.

Formal analysis: Liesbeth Allais, Rebecca De Smet, Sarah Devriese, Gerard Bryan Gonzales,

Guy G. Brusselle, Claude A. Cuvelier, Debby Laukens.

Funding acquisition: Liesbeth Allais, Stephanie Verschuere, Martine De Vos, Guy G. Brus-

selle, Ken R. Bracke, Claude A. Cuvelier, Debby Laukens.

Investigation: Liesbeth Allais, Sarah Devriese, Ken R. Bracke, Debby Laukens.

PLOS ONE The effect of cigarette smoke on inflammatory mediators and TRPV1 in the gut.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236657 August 6, 2020 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236657.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236657.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236657.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236657.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236657.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236657.s006
https://doi.org/10.1371/journal.pone.0236657


Methodology: Liesbeth Allais, Tania Maes, Sarah Devriese, Gerard Bryan Gonzales, Harald

Peeters, Koen Van Crombruggen, Claus Bachert, Martine De Vos, Guy G. Brusselle, Ken R.

Bracke, Claude A. Cuvelier, Debby Laukens.

Project administration: Liesbeth Allais, Rebecca De Smet, Martine De Vos, Claude A. Cuve-

lier, Debby Laukens.

Resources: Liesbeth Allais, Guy G. Brusselle, Ken R. Bracke, Claude A. Cuvelier, Debby

Laukens.

Software: Liesbeth Allais, Rebecca De Smet, Martine De Vos, Ken R. Bracke, Claude A. Cuve-

lier, Debby Laukens.

Supervision: Stephanie Verschuere, Tania Maes, Martine De Vos, Guy G. Brusselle, Ken R.

Bracke, Claude A. Cuvelier, Debby Laukens.

Validation: Liesbeth Allais, Ken R. Bracke, Claude A. Cuvelier, Debby Laukens.

Visualization: Liesbeth Allais, Claude A. Cuvelier, Debby Laukens.

Writing – original draft: Liesbeth Allais, Martine De Vos, Guy G. Brusselle, Ken R. Bracke,

Claude A. Cuvelier, Debby Laukens.

Writing – review & editing: Liesbeth Allais, Stephanie Verschuere, Tania Maes, Rebecca De

Smet, Gerard Bryan Gonzales, Koen Van Crombruggen, Claus Bachert, Martine De Vos,

Guy G. Brusselle, Ken R. Bracke, Claude A. Cuvelier, Debby Laukens.

References
1. Khan WI, Collins SM. Gut motor function: immunological control in enteric infection and inflammation.

Clin Exp Immunol. 2006; 143(3):389–97. Epub 2006/02/21. CEI2979 [pii] https://doi.org/10.1111/j.

1365-2249.2005.02979.x PMID: 16487236; PubMed Central PMCID: PMC1809621.

2. Jin Y, Lin Y, Lin L, Zheng C. IL-17/IFN-gamma Interactions Regulate Intestinal Inflammation in TNBS-

Induced Acute Colitis. J Interferon Cytokine Res. 2012. Epub 2012/10/04. https://doi.org/10.1089/jir.

2012.0030 PMID: 23030668.

3. Kaser A, Zeissig S, Blumberg RS. Inflammatory bowel disease. Annu Rev Immunol. 2010; 28:573–621.

Epub 2010/03/03. https://doi.org/10.1146/annurev-immunol-030409-101225 PMID: 20192811.

4. Jiang W, Su J, Zhang X, Cheng X, Zhou J, Shi R, et al. Elevated levels of Th17 cells and Th17-related

cytokines are associated with disease activity in patients with inflammatory bowel disease. Inflamm

Res. 2014. Epub 2014/08/19. https://doi.org/10.1007/s00011-014-0768-7 PMID: 25129403.

5. Strober W, Fuss I, Mannon P. The fundamental basis of inflammatory bowel disease. J Clin Invest.

2007; 117(3):514–21. Epub 2007/03/03. https://doi.org/10.1172/JCI30587 PMID: 17332878; PubMed

Central PMCID: PMC1804356.

6. Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel disease. Nature. 2007;

448(7152):427–34. Epub 2007/07/27. nature06005 [pii] https://doi.org/10.1038/nature06005 PMID:

17653185.

7. Cosnes J. Tobacco and IBD: relevance in the understanding of disease mechanisms and clinical prac-

tice. Best Pract Res Clin Gastroenterol. 2004; 18(3):481–96. Epub 2004/05/26. https://doi.org/10.1016/

j.bpg.2003.12.003 [pii]. PMID: 15157822.

8. Persson PG, Ahlbom A, Hellers G. Inflammatory bowel disease and tobacco smoke—a case-control

study. Gut. 1990; 31(12):1377–81. Epub 1990/12/01. https://doi.org/10.1136/gut.31.12.1377 PMID:

2265777; PubMed Central PMCID: PMC1378760.

9. Ananthakrishnan AN. Environmental risk factors for inflammatory bowel disease. Gastroenterol Hepatol

(N Y). 2013; 9(6):367–74. Epub 2013/08/13. PMID: 23935543; PubMed Central PMCID: PMC3736793.

10. Karban A, Eliakim R. Effect of smoking on inflammatory bowel disease: Is it disease or organ specific?

World J Gastroenterol. 2007; 13(15):2150–2. Epub 2007/05/01. https://doi.org/10.3748/wjg.v13.i15.

2150 PMID: 17465492.

PLOS ONE The effect of cigarette smoke on inflammatory mediators and TRPV1 in the gut.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236657 August 6, 2020 17 / 20

https://doi.org/10.1111/j.1365-2249.2005.02979.x
https://doi.org/10.1111/j.1365-2249.2005.02979.x
http://www.ncbi.nlm.nih.gov/pubmed/16487236
https://doi.org/10.1089/jir.2012.0030
https://doi.org/10.1089/jir.2012.0030
http://www.ncbi.nlm.nih.gov/pubmed/23030668
https://doi.org/10.1146/annurev-immunol-030409-101225
http://www.ncbi.nlm.nih.gov/pubmed/20192811
https://doi.org/10.1007/s00011-014-0768-7
http://www.ncbi.nlm.nih.gov/pubmed/25129403
https://doi.org/10.1172/JCI30587
http://www.ncbi.nlm.nih.gov/pubmed/17332878
https://doi.org/10.1038/nature06005
http://www.ncbi.nlm.nih.gov/pubmed/17653185
https://doi.org/10.1016/j.bpg.2003.12.003
https://doi.org/10.1016/j.bpg.2003.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15157822
https://doi.org/10.1136/gut.31.12.1377
http://www.ncbi.nlm.nih.gov/pubmed/2265777
http://www.ncbi.nlm.nih.gov/pubmed/23935543
https://doi.org/10.3748/wjg.v13.i15.2150
https://doi.org/10.3748/wjg.v13.i15.2150
http://www.ncbi.nlm.nih.gov/pubmed/17465492
https://doi.org/10.1371/journal.pone.0236657


11. Allais L, Kerckhof FM, Verschuere S, Bracke KR, De Smet R, Laukens D, et al. Chronic cigarette

smoke exposure induces microbial and inflammatory shifts and mucin changes in the murine gut. Envi-

ronmental microbiology. 2015. https://doi.org/10.1111/1462-2920.12934 PMID: 26033517.

12. Berkowitz L, Schultz BM, Salazar GA, Pardo-Roa C, Sebastian VP, Alvarez-Lobos MM, et al. Impact of

Cigarette Smoking on the Gastrointestinal Tract Inflammation: Opposing Effects in Crohn’s Disease

and Ulcerative Colitis. Frontiers in immunology. 2018; 9:74. https://doi.org/10.3389/fimmu.2018.00074

PMID: 29441064; PubMed Central PMCID: PMC5797634.

13. Verschuere S, Allais L, Bracke KR, Lippens S, De Smet R, Vandenabeele P, et al. Cigarette smoke and

the terminal ileum: increased autophagy in murine follicle-associated epithelium and Peyer’s patches.

Histochem Cell Biol. 2012; 137(3):293–301. https://doi.org/10.1007/s00418-011-0902-3 PMID:

22198275.

14. Verschuere S, Bracke KR, Demoor T, Plantinga M, Verbrugghe P, Ferdinande L, et al. Cigarette smok-

ing alters epithelial apoptosis and immune composition in murine GALT. Lab Invest. 2011; 91(7):1056–

67. Epub 2011/05/04. https://doi.org/10.1038/labinvest.2011.74 [pii]. PMID: 21537330.

15. Verschuere S, De Smet R, Allais L, Cuvelier CA. The effect of smoking on intestinal inflammation: what

can be learned from animal models? Journal of Crohn’s & colitis. 2012; 6(1):1–12. https://doi.org/10.

1016/j.crohns.2011.09.006 PMID: 22261522.

16. Guo X, Ko JK, Mei QB, Cho CH. Aggravating effect of cigarette smoke exposure on experimental colitis

is associated with leukotriene B(4) and reactive oxygen metabolites. Digestion. 2001; 63(3):180–7.

Epub 2001/05/15. 51887 [pii] 51887. https://doi.org/10.1159/000051887 PMID: 11351145.

17. Galitovskiy V, Qian J, Chernyavsky AI, Marchenko S, Gindi V, Edwards RA, et al. Cytokine-induced

alterations of alpha7 nicotinic receptor in colonic CD4 T cells mediate dichotomous response to nicotine

in murine models of Th1/Th17- versus Th2-mediated colitis. J Immunol. 2011; 187(5):2677–87. Epub

2011/07/26. https://doi.org/10.4049/jimmunol.1002711 [pii]. PMID: 21784975.

18. Sun YP, Wang HH, He Q, Cho CH. Effect of passive cigarette smoking on colonic alpha7-nicotinic ace-

tylcholine receptors in TNBS-induced colitis in rats. Digestion. 2007; 76(3–4):181–7. Epub 2008/01/05.

https://doi.org/10.1159/000112643 [pii]. PMID: 18174677.

19. Eliakim R, Karmeli F, Rachmilewitz D, Cohen P, Fich A. Effect of chronic nicotine administration on trini-

trobenzene sulphonic acid-induced colitis. Eur J Gastroenterol Hepatol. 1998; 10(12):1013–9. Epub

1999/01/23. PMID: 9895047.

20. Sykes AP, Brampton C, Klee S, Chander CL, Whelan C, Parsons ME. An investigation into the effect

and mechanisms of action of nicotine in inflammatory bowel disease. Inflamm Res. 2000; 49(7):311–9.

Epub 2000/08/26. https://doi.org/10.1007/s000110050597 PMID: 10959551.

21. Wirtz S, Neufert C, Weigmann B, Neurath MF. Chemically induced mouse models of intestinal inflam-

mation. Nat Protoc. 2007; 2(3):541–6. Epub 2007/04/05. nprot.2007.41 [pii] https://doi.org/10.1038/

nprot.2007.41 PMID: 17406617.

22. Akbar A, Yiangou Y, Facer P, Brydon WG, Walters JR, Anand P, et al. Expression of the TRPV1 recep-

tor differs in quiescent inflammatory bowel disease with or without abdominal pain. Gut. 2010; 59

(6):767–74. Epub 2010/06/17. https://doi.org/10.1136/gut.2009.194449 [pii]. PMID: 20551462.

23. Herbert MK, Holzer P. [Neurogenic inflammation. II. pathophysiology and clinical implications]. Ana-

sthesiol Intensivmed Notfallmed Schmerzther. 2002; 37(7):386–94. Epub 2002/07/09. https://doi.org/

10.1055/s-2002-32701 PMID: 12101511.

24. Peters EM, Ericson ME, Hosoi J, Seiffert K, Hordinsky MK, Ansel JC, et al. Neuropeptide control mech-

anisms in cutaneous biology: physiological and clinical significance. J Invest Dermatol. 2006; 126

(9):1937–47. Epub 2006/08/17. 5700429 [pii] https://doi.org/10.1038/sj.jid.5700429 PMID: 16912691.

25. D’Aldebert E, Cenac N, Rousset P, Martin L, Rolland C, Chapman K, et al. Transient receptor potential

vanilloid 4 activated inflammatory signals by intestinal epithelial cells and colitis in mice. Gastroenterol-

ogy. 2011; 140(1):275–85. Epub 2010/10/05. https://doi.org/10.1053/j.gastro.2010.09.045 [pii]. PMID:

20888819.

26. Fichna J, Mokrowiecka A, Cygankiewicz AI, Zakrzewski PK, Malecka-Panas E, Janecka A, et al. Tran-

sient receptor potential vanilloid 4 blockade protects against experimental colitis in mice: a new strategy

for inflammatory bowel diseases treatment? Neurogastroenterol Motil. 2012; 24(11):e557–60. Epub

2012/08/14. https://doi.org/10.1111/j.1365-2982.2012.01999.x PMID: 22882778.

27. Allais L, De Smet R, Verschuere S, Talavera K, Cuvelier CA, Maes T. Transient Receptor Potential

Channels in Intestinal Inflammation: What Is the Impact of Cigarette Smoking? Pathobiology: journal of

immunopathology, molecular and cellular biology. 2016; 84(1):1–15. https://doi.org/10.1159/

000446568 PMID: 27388890.

28. Lennard-Jones JE. Classification of inflammatory bowel disease. Scand J Gastroenterol Suppl. 1989;

170:2–6; discussion 16–9. Epub 1989/01/01. https://doi.org/10.3109/00365528909091339 PMID:

2617184.

PLOS ONE The effect of cigarette smoke on inflammatory mediators and TRPV1 in the gut.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236657 August 6, 2020 18 / 20

https://doi.org/10.1111/1462-2920.12934
http://www.ncbi.nlm.nih.gov/pubmed/26033517
https://doi.org/10.3389/fimmu.2018.00074
http://www.ncbi.nlm.nih.gov/pubmed/29441064
https://doi.org/10.1007/s00418-011-0902-3
http://www.ncbi.nlm.nih.gov/pubmed/22198275
https://doi.org/10.1038/labinvest.2011.74
http://www.ncbi.nlm.nih.gov/pubmed/21537330
https://doi.org/10.1016/j.crohns.2011.09.006
https://doi.org/10.1016/j.crohns.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22261522
https://doi.org/10.1159/000051887
http://www.ncbi.nlm.nih.gov/pubmed/11351145
https://doi.org/10.4049/jimmunol.1002711
http://www.ncbi.nlm.nih.gov/pubmed/21784975
https://doi.org/10.1159/000112643
http://www.ncbi.nlm.nih.gov/pubmed/18174677
http://www.ncbi.nlm.nih.gov/pubmed/9895047
https://doi.org/10.1007/s000110050597
http://www.ncbi.nlm.nih.gov/pubmed/10959551
https://doi.org/10.1038/nprot.2007.41
https://doi.org/10.1038/nprot.2007.41
http://www.ncbi.nlm.nih.gov/pubmed/17406617
https://doi.org/10.1136/gut.2009.194449
http://www.ncbi.nlm.nih.gov/pubmed/20551462
https://doi.org/10.1055/s-2002-32701
https://doi.org/10.1055/s-2002-32701
http://www.ncbi.nlm.nih.gov/pubmed/12101511
https://doi.org/10.1038/sj.jid.5700429
http://www.ncbi.nlm.nih.gov/pubmed/16912691
https://doi.org/10.1053/j.gastro.2010.09.045
http://www.ncbi.nlm.nih.gov/pubmed/20888819
https://doi.org/10.1111/j.1365-2982.2012.01999.x
http://www.ncbi.nlm.nih.gov/pubmed/22882778
https://doi.org/10.1159/000446568
https://doi.org/10.1159/000446568
http://www.ncbi.nlm.nih.gov/pubmed/27388890
https://doi.org/10.3109/00365528909091339
http://www.ncbi.nlm.nih.gov/pubmed/2617184
https://doi.org/10.1371/journal.pone.0236657


29. D’Hulst A I, Vermaelen KY, Brusselle GG, Joos GF, Pauwels RA. Time course of cigarette smoke-

induced pulmonary inflammation in mice. Eur Respir J. 2005; 26(2):204–13. Epub 2005/08/02. 26/2/

204 [pii] https://doi.org/10.1183/09031936.05.00095204 PMID: 16055867.

30. Macdonald G, Kondor N, Yousefi V, Green A, Wong F, Aquino-Parsons C. Reduction of carboxyhaemo-

globin levels in the venous blood of cigarette smokers following the administration of carbogen. Radio-

ther Oncol. 2004; 73(3):367–71. Epub 2004/12/14. S0167-8140(04)00392-5 [pii] https://doi.org/10.

1016/j.radonc.2004.09.002 PMID: 15588884.

31. Fogh J, Fogh JM, Orfeo T. One hundred and twenty-seven cultured human tumor cell lines producing

tumors in nude mice. Journal of the National Cancer Institute. 1977; 59(1):221–6. https://doi.org/10.

1093/jnci/59.1.221 PMID: 327080.

32. Murakami H, Masui H. Hormonal control of human colon carcinoma cell growth in serum-free medium.

Proceedings of the National Academy of Sciences of the United States of America. 1980; 77(6):3464–

8. https://doi.org/10.1073/pnas.77.6.3464 PMID: 6932031; PubMed Central PMCID: PMC349637.

33. Devriese S, Van den Bossche L, Van Welden S, Holvoet T, Pinheiro I, Hindryckx P, et al. T84 monolay-

ers are superior to Caco-2 as a model system of colonocytes. Histochem Cell Biol. 2017; 148(1):85–93.

https://doi.org/10.1007/s00418-017-1539-7 PMID: 28265783.

34. Van der Sluis M, De Koning BA, De Bruijn AC, Velcich A, Meijerink JP, Van Goudoever JB, et al. Muc2-

deficient mice spontaneously develop colitis, indicating that MUC2 is critical for colonic protection.

Gastroenterology. 2006; 131(1):117–29. Epub 2006/07/13. S0016-5085(06)00762-1 [pii] https://doi.

org/10.1053/j.gastro.2006.04.020 PMID: 16831596.

35. Bracke KR, D’Hulst A I, Maes T, Moerloose KB, Demedts IK, Lebecque S, et al. Cigarette smoke-

induced pulmonary inflammation and emphysema are attenuated in CCR6-deficient mice. J Immunol.

2006; 177(7):4350–9. Epub 2006/09/20. 177/7/4350 [pii]. https://doi.org/10.4049/jimmunol.177.7.4350

PMID: 16982869.

36. Holzer P. Transient receptor potential (TRP) channels as drug targets for diseases of the digestive sys-

tem. Pharmacol Ther. 2011; 131(1):142–70. Epub 2011/03/23. https://doi.org/10.1016/j.pharmthera.

2011.03.006 S0163-7258(11)00060-X [pii]. PMID: 21420431; PubMed Central PMCID: PMC3107431.

37. Grimm MC, Elsbury SK, Pavli P, Doe WF. Interleukin 8: cells of origin in inflammatory bowel disease.

Gut. 1996; 38(1):90–8. Epub 1996/01/01. https://doi.org/10.1136/gut.38.1.90 PMID: 8566866; PubMed

Central PMCID: PMC1382985.

38. Sher ME, Bank S, Greenberg R, Sardinha TC, Weissman S, Bailey B, et al. The influence of cigarette

smoking on cytokine levels in patients with inflammatory bowel disease. Inflammatory bowel diseases.

1999; 5(2):73–8. https://doi.org/10.1097/00054725-199905000-00001 PMID: 10338374.

39. Mortaz E, Lazar Z, Koenderman L, Kraneveld AD, Nijkamp FP, Folkerts G. Cigarette smoke attenuates

the production of cytokines by human plasmacytoid dendritic cells and enhances the release of IL-8 in

response to TLR-9 stimulation. Respir Res. 2009; 10:47. Epub 2009/06/12. https://doi.org/10.1186/

1465-9921-10-47 [pii]. PMID: 19515231; PubMed Central PMCID: PMC2701931.

40. Gibson P, Rosella O. Interleukin 8 secretion by colonic crypt cells in vitro: response to injury suppressed

by butyrate and enhanced in inflammatory bowel disease. Gut. 1995; 37(4):536–43. Epub 1995/10/01.

https://doi.org/10.1136/gut.37.4.536 PMID: 7489942; PubMed Central PMCID: PMC1382907.

41. Dutra RC, Claudino RF, Bento AF, Marcon R, Schmidt EC, Bouzon ZL, et al. Preventive and therapeutic

euphol treatment attenuates experimental colitis in mice. PLoS One. 2011; 6(11):e27122. https://doi.

org/10.1371/journal.pone.0027122 PMID: 22073270; PubMed Central PMCID: PMC3206917.

42. Bauer C, Duewell P, Mayer C, Lehr HA, Fitzgerald KA, Dauer M, et al. Colitis induced in mice with dex-

tran sulfate sodium (DSS) is mediated by the NLRP3 inflammasome. Gut. 2010; 59(9):1192–9. https://

doi.org/10.1136/gut.2009.197822 PMID: 20442201.

43. Guo X, Wang WP, Ko JK, Cho CH. Involvement of neutrophils and free radicals in the potentiating

effects of passive cigarette smoking on inflammatory bowel disease in rats. Gastroenterology. 1999;

117(4):884–92. https://doi.org/10.1016/s0016-5085(99)70347-1 PMID: 10500071.

44. van Lierop PP, de Haar C, Lindenbergh-Kortleve DJ, Simons-Oosterhuis Y, van Rijt LS, Lambrecht BN,

et al. T-cell regulation of neutrophil infiltrate at the early stages of a murine colitis model. Inflamm Bowel

Dis. 2010; 16(3):442–51. https://doi.org/10.1002/ibd.21073 PMID: 19714763.

45. Oral H, Kanzler I, Tuchscheerer N, Curaj A, Simsekyilmaz S, Sonmez TT, et al. CXC chemokine KC

fails to induce neutrophil infiltration and neoangiogenesis in a mouse model of myocardial infarction. J

Mol Cell Cardiol. 2013; 60:1–7. Epub 2013/04/20. https://doi.org/10.1016/j.yjmcc.2013.04.006S0022-

2828(13)00137-5 [pii]. PMID: 23598282.

46. Kun J, Szitter I, Kemeny A, Perkecz A, Kereskai L, Pohoczky K, et al. Upregulation of the transient

receptor potential ankyrin 1 ion channel in the inflamed human and mouse colon and its protective

roles. PloS one. 2014; 9(9):e108164. https://doi.org/10.1371/journal.pone.0108164 PMID: 25265225;

PubMed Central PMCID: PMC4180273.

PLOS ONE The effect of cigarette smoke on inflammatory mediators and TRPV1 in the gut.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236657 August 6, 2020 19 / 20

https://doi.org/10.1183/09031936.05.00095204
http://www.ncbi.nlm.nih.gov/pubmed/16055867
https://doi.org/10.1016/j.radonc.2004.09.002
https://doi.org/10.1016/j.radonc.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15588884
https://doi.org/10.1093/jnci/59.1.221
https://doi.org/10.1093/jnci/59.1.221
http://www.ncbi.nlm.nih.gov/pubmed/327080
https://doi.org/10.1073/pnas.77.6.3464
http://www.ncbi.nlm.nih.gov/pubmed/6932031
https://doi.org/10.1007/s00418-017-1539-7
http://www.ncbi.nlm.nih.gov/pubmed/28265783
https://doi.org/10.1053/j.gastro.2006.04.020
https://doi.org/10.1053/j.gastro.2006.04.020
http://www.ncbi.nlm.nih.gov/pubmed/16831596
https://doi.org/10.4049/jimmunol.177.7.4350
http://www.ncbi.nlm.nih.gov/pubmed/16982869
https://doi.org/10.1016/j.pharmthera.2011.03.006
https://doi.org/10.1016/j.pharmthera.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21420431
https://doi.org/10.1136/gut.38.1.90
http://www.ncbi.nlm.nih.gov/pubmed/8566866
https://doi.org/10.1097/00054725-199905000-00001
http://www.ncbi.nlm.nih.gov/pubmed/10338374
https://doi.org/10.1186/1465-9921-10-47
https://doi.org/10.1186/1465-9921-10-47
http://www.ncbi.nlm.nih.gov/pubmed/19515231
https://doi.org/10.1136/gut.37.4.536
http://www.ncbi.nlm.nih.gov/pubmed/7489942
https://doi.org/10.1371/journal.pone.0027122
https://doi.org/10.1371/journal.pone.0027122
http://www.ncbi.nlm.nih.gov/pubmed/22073270
https://doi.org/10.1136/gut.2009.197822
https://doi.org/10.1136/gut.2009.197822
http://www.ncbi.nlm.nih.gov/pubmed/20442201
https://doi.org/10.1016/s0016-5085%2899%2970347-1
http://www.ncbi.nlm.nih.gov/pubmed/10500071
https://doi.org/10.1002/ibd.21073
http://www.ncbi.nlm.nih.gov/pubmed/19714763
https://doi.org/10.1016/j.yjmcc.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23598282
https://doi.org/10.1371/journal.pone.0108164
http://www.ncbi.nlm.nih.gov/pubmed/25265225
https://doi.org/10.1371/journal.pone.0236657


47. Engel MA, Becker C, Reeh PW, Neurath MF. Role of sensory neurons in colitis: increasing evidence for

a neuroimmune link in the gut. Inflamm Bowel Dis. 2011; 17(4):1030–3. Epub 2010/08/20. https://doi.

org/10.1002/ibd.21422 PMID: 20722067.

48. de Jong PR, Takahashi N, Harris AR, Lee J, Bertin S, Jeffries J, et al. Ion channel TRPV1-dependent

activation of PTP1B suppresses EGFR-associated intestinal tumorigenesis. The Journal of clinical

investigation. 2014; 124(9):3793–806. https://doi.org/10.1172/JCI72340 PMID: 25083990; PubMed

Central PMCID: PMC4151223.

PLOS ONE The effect of cigarette smoke on inflammatory mediators and TRPV1 in the gut.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236657 August 6, 2020 20 / 20

https://doi.org/10.1002/ibd.21422
https://doi.org/10.1002/ibd.21422
http://www.ncbi.nlm.nih.gov/pubmed/20722067
https://doi.org/10.1172/JCI72340
http://www.ncbi.nlm.nih.gov/pubmed/25083990
https://doi.org/10.1371/journal.pone.0236657

