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Introduction: Recently, clinical studies have revealed that smoking can contribute to the 
poor prognosis of colorectal cancer (CRC) and, additionally, can be a risk factor for 
pulmonary metastasis of CRC. However, there has been no basic research regarding the 
underlying molecular mechanism. The purpose of this study was to clarify the mechanism by 
which smoking causes pulmonary metastasis of CRC.
Methods: First, pulmonary metastasis model mice inhaled cigarette smoke or air (control) 
for 1 h once a day for 3 weeks. We attempted to clarify the effect of smoking on the 
incidence of pulmonary metastasis. On the 15th day, CMT-93 cells were injected into the tail 
vein. At 6 and 8 weeks following injection, the extent of pulmonary metastasis was evaluated 
using in vivo micro CT. After the last CT examination, the mice were sacrificed, and the 
lungs were extracted for pathological examination.
Results: The number of mice with pulmonary metastases in the smoking group was 
significantly higher than in the control group. Three weeks of smoking induced mild 
inflammation in the lungs, as evidenced by increases in the levels of IL-6 and TNF-α in 
bronchoalveolar lavage. Moreover, the adhesion-related molecule ICAM-1 was overex-
pressed in pulmonary tissue, which allowed drained cancer cells to remain in the lung and 
contribute to the formation of pulmonary metastasis.
Conclusion: Collectively, cigarette smoking may contribute to the pathogenesis and devel-
opment of pulmonary metastasis in CRC through enhancement of adhesion and inflammation.
Keywords: smoking, colorectal cancer, pulmonary metastasis, adhesion molecules, ICAM-1

Introduction
Colorectal cancer (CRC) is one of the leading causes of cancer-related death and led to 
50,681 deaths in 2017 in Japan. Almost every third patient diagnosed with CRC 
presents with, or develops, metastatic disease [Vital Statistics Japan (Ministry of 
Health, Labour and Welfare)]. Therefore, it is necessary to clarify the mechanism of 
metastasis, and in particular pulmonary metastasis, which is especially difficult to 
diagnose and often difficult to treat.

In general, it is thought that toxic chemicals and stimulants contained in tobacco 
induce inflammation, change the microcirculation, cause tissue necrosis, and promote 
alveolar damage.1,2 Smoking is also a risk factor for malignancy of not only the lung 
but also other organs, such as the pharynx, larynx, esophagus, pancreas, and bladder.3–5 

Recently, a meta-analysis clarified that smoking is a risk factor that increas es the 
incidence and mortality of CRC, and smoking status at the time of CRC diagnosis is 
correlated with prognosis.6,7 In addition, other reports have shown that smoking may 
cause pulmonary metastasis of breast cancer.8
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Previously, our retrospective study showed that current 
smokers, compared with former smokers and those who 
never smoked, might have a significantly increased risk of 
metachronous pulmonary metastasis following curative 
resection of CRC.9 Although CRC is a high morbidity 
cancer that can have a high survival rate when diagnosed 
and treated early, it is known that prognosis worsens when 
it metastasizes to other organs. Thus, determining the 
relationship between smoking and pulmonary metastasis 
of CRC may lead to not only proof of smoking toxicity 
and add to the risks of passive smoking, but may also lead 
to the development of new drug therapies for pulmonary 
metastasis. Therefore, the aim of this study was to clarify 
the impact of smoking on pulmonary metastasis in CRC.

Materials and Methods
Cell Culture
The mouse colorectal adenocarcinoma cell line CMT-93 
(CCL-223, ATCC, Manassas, VA, USA) was maintained in 
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, 
St. Louis, MO, USA) with 10% (v/v) fetal bovine serum and 
10,000 units/mL penicillin, 10,000 µg/mL streptomycin, and 
25 µg/mL Gibco amphotericin B (Thermo Fisher Scientific, 
Tokyo, Japan). The cells were cultured at 37°C with 5% CO2.

Animal
We used C57BL/6 male mice, which were purchased from 
CLEA Japan. The mice were allowed to acclimate for at 
least 7 days before use and were 6 weeks old at the start of 
the experimental protocol. The mice were housed in 
a controlled environment in the laboratory at the Keio 
University School of Medicine under standard temperature 
and light and dark cycles.

Ethics approval for the present study was provided by the 
Ethics Committee at the Laboratory Animal Care and Use 
Committee at Keio University School of Medicine (approval 
number: 15006), and the study was performed in accordance 
with the for the Care and Use of Laboratory Animals (NIH).

Design of Animal Experiment
The schedules for smoke inhalation and tumor cell injec-
tion are shown in Figure 1. The smoking device had 
a limited number of chambers, and it was necessary to 
carry out the experiment with the minimum number of 
mice for animal protection, so the experiment was planned 
with 21 mice each in the control group and smoking 
group. The smoking group mice were exposed to smoke 

for 60 min/day on weekdays for 3 weeks. Age-matched 
control group mice were exposed to air over the same time 
period. On the 15th day of smoking exposure, the mice 
were anesthetized with 2.0% isoflurane and 3.5 × 106 
CMT-93 cells in a total volume of 100 μL phosphate- 
buffered saline (PBS) were injected into the tail vein 
using a 26-gauge needle. Six and eight weeks following 
injection the extent of pulmonary metastasis was evaluated 
using in vivo micro computed tomography (CT). We com-
pared the number of mice with pulmonary metastasis, and 
the number of pulmonary metastases in each mouse 
between the control and smoking mice. After the second 
micro CT scan 8 weeks after injection, all of the mice were 
sacrificed under systemic anesthesia with 2.0% isoflurane 
by exsanguination, which involved breaking of the inferior 
vena cava. The lung was extracted, and the right lobe was 
fixed by filling with 500 μL of 4% paraformaldehyde 
through the right bronchus and used for pathological 
examination (Figure 2A). The bronchoalveolar lavage 
(BAL) was collected from the left lobe by washing three 
times with 500 μL saline through the left bronchus. Then, 
the remnant left robe was homogenized and stored at −80° 
C for subsequent DNA extraction and analysis.

Smoke Exposure
Mice inhaled mainstream cigarette smoke (CS) generated 
from commercially available filtered cigarettes (Marlboro, 
12 mg tar/1.0 mg nicotine) through their nose. The SIS-CS 
system (Shibata Scientific Technology, Tokyo, Japan), 
which consists of both a CS generator (SG-300) and an 
inhalation chamber, to which 10 body holders were set at 
a time, was used. Fresh cigarettes purchased within 1 
month of use were used throughout the experiments. The 

Figure 1 Animal experimental protocol, The smoking group mice were exposed to 
smoke for 60 min/day on weekdays for 3 weeks. The control group mice were 
exposed to air over the same time period. On the 15th day of smoking exposure, 
3.5 × 106 CMT-93 cells were injected into the tail vein. Six and eight weeks 
following injection, the extent of pulmonary metastasis was evaluated using 
in vivo micro CT. All mice were sacrificed immediately after the last CT examination 
and the lungs were extracted.
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following experimental settings were used to generate CS: 
stroke volume of 15 mL and 10 puffs/min.

Hematoxylin-Eosin (HE) Staining and 
Immunostaining
Lung tissues from the mice were embedded in paraffin. The 
paraffin blocks were cut into 3-μm thick sagittal sections and 
subjected to hematoxylin-eosin (HE) and immunohisto-
chemical (IHC) staining (Figure 2B). Pathological evalua-
tion using HE staining was conducted to count the number of 
pulmonary metastases in the largest longitudinal section in 
the right lobe. In IHC staining, the expression of ICAM-1 
was evaluated. Each section was deparaffinized in xylene 
and soaked for 30 min at room temperature in 0.3% H2O2/ 
methanol to block endogenous peroxidase. The primary anti-
body anti-ICAM1 (ab171123, Abcam, Cambridgeshire, UK) 
was diluted 1:100 and applied overnight at 4°C. The primary 
antibody was visualized using biotinylated goat anti-rabbit 
immunoglobulin G and the EnVision+ System- HRP 
Labeled Polymer (Dako North America Inc., Carpinteria, 
CA, USA), which was applied for 3 min at room tempera-
ture. The slide was counterstained with hematoxylin.

ICAM-1 expression was quantified by measuring the 
area of expression of ICAM-1 as a percentage (0–100%) 
using an imaging analysis program (ImageJ Version 1.8; 
NIH, Bethesda, MD, USA). Briefly, five random field 
images (0.02 × 0.01 inches), from the slide of the maximum 
longitudinal section from the right lobe, were imaged using 
a light microscope and colors that were not of interest were 
removed via replace mode. The adapted images were con-
verted to grey scale and the area of expression was located 
by adjusting the threshold. The percentage area of expres-
sion was denoted by positive pixels on the labeled areas.5,10

The all samples were confirmed by histopathological 
assessment by an experienced pathologist (M.S).

Enzyme-Linked Immunosorbent Assay 
(ELISA) for IL-6 and TNF-α
The protein levels of IL-6 and TNF-α in the BAL were 
measured to evaluate inflammation of the lung. The con-
centrations of IL-6 and TNF-α in the BAL were deter-
mined using a mouse IL-6 Quantikine ELISA kit (R&D 
systems, Minneapolis, MN, USA) and mouse TNF-α 

Figure 2 Pulmonary metastases. (A) Macroscopic findings of pulmonary metastasis in the right lobe of the lung. In this mouse, many nodules were identified (one is circled 
in yellow). (B) Hematoxylin-eosin staining of pulmonary metastasis in a mouse. (C) A representative two-dimensional image of a micro CT scan in a smoking mouse. In this 
mouse, one nodule was identified in the left lung (circled in yellow). (D) CT reconstruction of a pulmonary metastasis from a mouse model. Three-dimensional 
microstructural image data were reconstructed using Tri/3D-BON software. Red colored nodules indicate pulmonary metastasis.
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ELISA Development Kit (PromoCell, Heidelberg, 
Germany).

Micro CT Imaging
Micro CT was used for evaluation of pulmonary metastasis 
before sacrifice (Figure 2C and D). The X-ray micro-CT 
system (R_mCT2; Rigaku, Tokyo, Japan) was operated 
with the following parameters: 90 kV, 160 μA, chest CT; 
respiratory and cardiac reconstruction mode, 24 × 24 mm 
field of view (50 × 50 μm pixel size). The scan time of 4.5 
min yielded an average exposure of 1653 mGy/scan per 
whole body. The mice were scanned in the prone position 
and the inhalation anesthesia, which was administered 
through a nose cone, consisted of a mix of isoflurane 
(Pfizer Japan, Tokyo, Japan) and oxygen. Respiratory and 
cardiac reconstruction mode captured the X-ray view to 
reconstruct lung images only at the diastolic phase of the 
heart during the end-expiratory period by simultaneously 
monitoring the movement of both breathing and the heart 
under radiographic guidance. The examination was per-
formed twice, at the 6th and 8th weeks, and pulmonary 
metastases were confirmed by comparing two metachro-
nous images.

Statistical Analysis
All results were expressed as mean value (± standard 
deviation) without any notation. All statistical analyses 
were performed using Stata software (Stata Corp., 
College Station, TX, USA). P values < 0.05 were consid-
ered to indicate statistical significance. In terms of pul-
monary metastasis of mice, comparisons between two 
groups were performed with χ2 tests. The others were 
statistically analyzed using the Mann–Whitney U-test 
without any notation.

Results
In the aforementioned protocol, 21 mice were used in each 
group and micro CT and pathological examination were used 
to evaluate pulmonary metastasis (Table 1). Micro CT ima-
ging revealed that the incidence of pulmonary metastasis was 
significantly higher in the smoking group (11 vs 3, P = 
0.019), and the number of pulmonary metastases per mouse 
was also higher in the smoking group compared with the 
control group (3.9 ± 1.4 vs 0.8 ± 0.5, P = 0.019). The 
maximum tumor diameter of metastatic lesions measured 
by micro CT was significantly higher in the smoking group 
(1.39 ± 0.22 vs 0.41 ± 0.2 mm, P = 0.036). In addition, 
pathological evaluation for pulmonary metastasis was 

performed using HE staining of the largest longitudinal sec-
tion in the right lobe. Similarly, the number of mice with 
pulmonary metastasis and the number of metastases per 
mouse was higher in the smoking group [12 mice (57%) vs 
6 mice (29%), P = 0.061, 3.48 ± 1.5 vs 0.9 ± 0.4, P = 0.063].

To evaluate the direct impact of smoking on the lungs, 
the inflammatory cytokines (ie, IL-6 and TNF-α) in BAL 
were investigated in mice models that did not undergo tail 
vein injection with tumor cells. As shown in Figure 3, both 
were significantly higher in the smoking group than the 
control group (31.2 ± 6.2 vs 22.1 ± 3.8 pg/mL, P = 0.014, 
and 145.5 ± 46.7 vs 109.5 ± 17.5, P = 0.047, respectively).

Inflammation is known to induce several adhesion 
molecules, which can trap circulating tumor cells, leading 
to metastasis. Thus, the expression of four adhesion mole-
cules (ICAM-1, VCAM-1, E-selectin, and P-selectin) in 
the lung was measured by RT-PCR in mice models that did 
not undergo tail vein injection with tumor cells. The 
results are shown in Supplementary Figure 1. Moreover, 
IHC staining suggested that ICAM-1 was significantly 
overexpressed in the smoking group (7.75 ± 3.27 vs 5.48 
± 2.1, P = 0.049, Figure 4). Interestingly, there was some 
pulmonary metastasis surrounding the area with enhanced 
ICAM-1 expression (Figure 5).

Discussion
In this study, there was a significant increase in the number 
of pulmonary metastases of CRC, as shown radiologically 
and pathologically, in the smoking group compared to the 
control group; this is consistent with the results of 
a previous clinical study.9 The culprit was the trapping of 
cancer cells by ICAM-1, an adhesion molecule overex-
pressed due to inflammation caused by smoking. 
Collectively, smoking is a risk factor for pulmonary metas-
tasis in CRC. To the best of our knowledge, this is the first 
basic research study to clarify the impact of smoking on 
pulmonary metastasis in CRC.

Table 1 Comparison of Pulmonary Metastasis

Control 
(n=21)

Smoke 
(n=21)

p

Micro CT Mouse* 3 (14%) 11 (52%) 0.019
Metastasis** 0.8±0.5 3.9±1.4 0.019

HE Mouse* 6 (29%) 12 (57%) 0.061
Metastasis** 0.9±0.4 3.5±1.5 0.063

Notes: *Number of mouse with pulmonary metastasis, (%), χ2 test. **Number of 
pulmonary metastasis per mouse, Mean±SE, u-test. Bold value indicates p<0.05, 
which is considered to be statistically significant.
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In this study, it was determined that IL-6 and TNF-α 
expression in BAL from mice increased due to smoking. 
IL-6 and TNF-α are representative inflammatory cytokines; 
they are the most sensitive mediators of biological reactions 
and are secreted rapidly in response to inflammation.11,12 

Previous studies have discussed the relationship between 
inflammation and cancer metastasis.10,13 In addition, many 
reports have shown that smoking-induced inflammation in 
lung tissue increased permeability between blood vessels and 
the alveolar epithelium, changed local immune function, and 
enhanced secretions.1,14 This study also confirmed that 
smoking induced inflammation in the lungs by elevation of 
inflammatory cytokines, such as IL-6 and TNF-α, in BAL. 
Moreover, a comprehensive analysis of various adhesion 
molecules showed that ICAM-1 was overexpressed. 
Inflammation is known to induce the expression of cell 
adhesion molecules such as cadherin, selectin, VCAM-1, 
and ICAM-1.15–17 In the lung, several researchers have 
reported that smoking-induced ICAM-1 was expressed on 
the cell surface. ICAM-1 has also been reported to correlate 
with inflammatory cytokines such as TNF-α and IL-6, and 

Figure 3 IL-6 and TNF-α in the bronchoalveolar lavage (BAL). The protein levels of 
IL-6 and TNF-α in the BAL were measured. The BAL was collected from the left 
lobe by washing three times with 500 μL saline through the left bronchus. The 
concentrations of IL-6 and TNF-α in the BAL were determined using a mouse IL-6 
Quantikine ELISA kit and a mouse TNF-α ELISA Development Kit. (A) IL-6 
expression in the BAL was significantly higher in the smoking group compared 
with the control group (31.2 ± 6.2 vs 22.1 ± 3.8, P = 0.014). (B) TNF-α expression 
in BAL was significantly higher in the smoking group compared with the control 
group (145.5 ± 46.7 vs 109.5 ± 17.5, P = 0.047).

Figure 4 Immunohistochemical (IHC) staining of ICAM-1. Lung tissues from the largest longitudinal section in the right lobe of control and smoking mice were stained for 
ICAM-1. Anti-ICAM1 primary antibody diluted 1:100 was used for IHC staining. ICAM-1 expression was quantified by measuring the percentage area of expression 
(0–100%) using ImageJ. Briefly, five randomly chosen field images (0.02 × 0.01 inches) from the slide containing the maximum longitudinal section of the right lobe were 
acquired using a light microscope, and colors that were not of interest were removed via the replace mode. The adapted images were converted to grey scale and the area 
of expression was located by adjusting the threshold. The percentage area of expression is denoted by positive pixels on the labeled areas. (A) IHC staining of ICAM-1 in 
control mouse lung. (B) IHC staining of ICAM-1 in smoking mouse lung. (C) The ICAM-1 antibody tended to strongly stain the lungs from the smoking group (7.75 ± 3.27 vs 
5.48 ± 2.1, P = 0.049).
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with pulmonary inflammation and viral infections.18–20 

Previous reports have shown that there is an association 
between adhesion molecules and cancer metastasis15,21. 
Similarly, in this study, we believe that the expression of 
ICAM-1 in the lungs promoted the development of pulmon-
ary metastasis of CRC.

Until now, reports have shown that smoking may cause 
cancer metastasis, but there have been no specific reports on 
the mechanism. We can assume from these results that smok-
ing-induced inflammation in the lungs enhanced cell adhesion, 
trapping inflowing cancer cells to engraft and proliferate.

In the present study, a short-duration smoking mouse 
model was used to clarify the impact of smoking on pulmon-
ary metastasis of CRC. Primary lung cancer is known to 
occur around emphysematous lesions, which suggests that 
a “field” that retains avascular and alveolar lesions is neces-
sary as a cancer origin.22 On the other hand, clinical studies 
have suggested that active smoking, rather than prior smok-
ing likely causes pulmonary metastasis. The reason is that the 
number of cancer cells drained into the lung is critical and the 
avascular area due to emphysema does not favor pulmonary 
metastasis. Thus, we opted to use a short-duration smoking 
mouse model to ensure that smoking induced acute and 
active inflammation without any structural changes, which 
occurs in diseases such as emphysema.23

In the past, some studies showed the etiologic field effect 
models which is the exposures and genetic factor promote 
tissue microenvironment of cancer and suggest that exposure 
may be associated with cancer progression.24,25 Smoking is 

considered one of the exposures and it influences multiple 
phases of tumor evolution. Therefore, past report supported 
that smoking may promote microenvironment of lungs, and 
causes pulmonary metastases of CRC.

A limitation of this study is that the 3-week smoking 
duration for the mouse model may not be a reliable repro-
duction of actual human smoking habits. In addition, this 
study only used one mouse strain and one colorectal can-
cer cell line. In the future, other strains, larger animal, 
other systems, and human tissues experiment is required 
for validation. Furthermore, in this study we focused on 
adhesion molecules and the relationship between inflam-
mation and metastasis, but other factors related to migra-
tion and the micro-immune environment may also be 
involved; therefore, further experiments are needed.

Notwithstanding, this is the first study to clarify the 
impact of smoking on pulmonary metastasis of CRC, and 
is an important first step to understanding the mechanism 
of pathogenesis of pulmonary metastasis.

Conclusion
Smoking-induced inflammation of the lung and enhanced 
expression of cell adhesion molecules might contribute to 
the pathogenesis of pulmonary metastasis of CRC. 
Therefore, smoking cessation may improve the prognosis 
of CRC by preventing pulmonary metastasis; however, 
further research is needed.
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