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Abstract
Background  Carbon monoxide (CO) poisoning affects several vital organs; however, the long-term damage to lungs has 
not been well investigated.
Objective  This study investigated the morphological changes and the associated molecules 6 weeks after CO poisoning in 
rat models. Rats in the CO poisoning group were exposed to 1500 ppm CO in a gas chamber for 3 h. After 6 weeks, the rats 
in the control and CO poisoning groups were sacrificed. Pathological changes were assessed using hematoxylin and eosin 
staining. Western blotting and antibody arrays for inflammatory signaling molecules were performed using lung homogen-
ates. Complete blood counts and Krebs Von Den Lungen (KL)-6 levels were compared among rats in the control group and 
those immediately and 6 weeks after CO poisoning using blood sampling from an indwelling catheter.
Results  CO-poisoned lungs showed emphysematous changes with increased mean linear intercept (p = 0.0007). SERPINA1, 
IL-13, CD44, and GDF7 levels were significantly decreased, whereas TGFβ, ɑ-SMA, MMP9, and NF-κB levels were signifi-
cantly increased in the CO-poisoned lungs. KL-6 serum levels were significantly higher in the CO-poisoned rats (p < 0.0001).
Conclusion  This is the first study to demonstrate the long-term effects and emphysematous changes in CO-poisoned lung 
models. We recommend long-term monitoring following CO poisoning.
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Introduction

Carbon monoxide (CO) is a toxic gas produced by fire, 
engine exhaust, and faulty furnaces (Rose et al. 2017). CO 
binds to hemoglobin (Hb) with high affinity and disrupts the 

binding of oxygen to Hb. Consequently, carboxyhemoglobin 
(COHb) inhibits oxygen delivery and damages organs under 
hypoxic conditions. The vulnerable organs are the heart and 
brain; clinically, intoxicated patients often present with 
myocardial injury and neurocognitive sequelae after brain 
injury (Hampson et al. 2012; Lippi et al. 2012). The effects 
of CO on other organs are insignificant compared to those in 
the two major organs. However, CO poisoning is associated 
with the development and progression of acute kidney injury 
(AKI) (Kim et al. 2018) and adrenal insufficiency (Huang 
et al. 2022). These organs, which are indirectly affected by 
CO, might have injury mechanisms similar to those of the 
heart and brain.

The lungs and bronchial trees are directly exposed to CO 
via gas instillation. However, the clinical evidence for lung 
damage caused by CO is unclear. An experimental study 
reported the effects of CO on alveolar epithelial permeability 
in the lungs (Fein et al. 1980). Tracheally instilled isotopes, 
which are poorly diffusible tracers, were present in large 
quantities in rabbits exposed to CO. Another study assessed 
the effect of CO on alveolar epithelial cells and revealed that 
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CO interrupted alveolar fluid clearance in isolated, venti-
lated, and perfused rabbit lungs (Althaus et al. 2009). These 
investigators suggested that the deleterious effects of CO on 
alveolar fluid reabsorption should be considered when using 
CO as a therapeutic modality, especially in acute respiratory 
distress syndrome (ARDS). CO has recently been used as 
an anti-inflammatory agent in many diseases, such as sepsis 
(Hoetzel et al. 2007), chronic obstructive pulmonary dis-
ease (COPD) (Bathoorn et al. 2007), and acute lung injury 
(Hoetzel et al. 2009; Ryter and Choi 2006; Wilson et al. 
2010). However, the toxic gas has variable characteristics. 
Compared with low-dose therapeutic CO exposure, high-
dose intoxicating CO can damage the alveolar and bronchial 
epithelia. However, only a few studies have investigated the 
effects of CO on the alveoli or lungs (Althaus et al. 2009; 
Fein et al. 1980), and to date, the toxic effects of CO on 
lungs have not been fully demonstrated in human or experi-
mental studies. This study aimed to investigate the effects of 
CO on lung tissues using pathological findings and biomark-
ers of lung damage.

Materials and methods

Animals

All animal experiments and surgical procedures were 
approved by the Institutional Animal Care and Use Com-
mittee of Yonsei University Wonju College of Medicine 
(YWC-210308-1) and conducted according to the National 
Institutes of Health Guidelines for the Care and Use of Lab-
oratory Animals. Twelve adult male Sprague–Dawley rats 
(250 g) were obtained from Dae Han Bio Link (Eumseong, 
Korea) and housed under a 12 h light/12 h dark cycle at a 
constant room temperature (20–22 ℃), with free access to 
food and water.

Exposure of rats to CO

The acute CO poisoning model was established accord-
ing to published protocols (Thom et  al. 2004). Briefly, 

the six rats were placed in an acrylic chamber with a 
53 cm × 38 cm × 27 cm. The CO and O2 concentrations and 
humidity, pressure, and temperature inside the chamber were 
measured using a Gastiger 2000 (Wandi, China) or PO2-
250 (Lutron, USA) and MHB-382SD (Lutron, USA), respec-
tively. The rats inhaled 1500 ppm CO gas for 3 h and were 
then exposed to fresh air until they regained consciousness. 
Approximately 0.2 mL of whole blood was drawn from the 
right atrium through a catheter for the COHb assay using 
a GEM Premier 5000 (Werfen, MA, USA). Rats with high 
COHb concentrations (> 50%) were considered successful 
models of severe acute CO poisoning. All 12 animals were 
sacrificed 6 weeks after CO poisoning (Fig. 1).

Histology

After 6 weeks, all 12 rats, including 6 CO-poisoned rats, 
were deeply anesthetized with 3% isoflurane (Hana Pharm, 
Seoul, Korea) in a mixture of 80% N2O and 20% O2. Their 
blood was then collected from the abdominal aorta, centri-
fuged, and stored at − 80 °C until use. After ligation of the 
hilum of the right lung, the right lungs were removed and 
stored at − 80 °C until use.

The left lungs were removed and perfused with a fixa-
tive solution containing 4% paraformaldehyde in 0.1 M 
phosphate-buffered saline (pH 7.0). The samples were 
then processed in preparation for paraffin embedding, and 
4-μM-thick sections were cut. Pathological changes in the 
lung samples were examined using hematoxylin and eosin 
(H&E) staining (Thermo, USA). The mean linear intercept 
(MLI) of the lung tissue was calculated using morphological 
analysis. MLI was evaluated to determine the degradation 
and consequent air space enlargement within the lung paren-
chyma. The MLI was determined for each region on an over-
lay comprising horizontal and vertical lines. All intercepts 
with an alveolar septal number (ASN) were counted under 
a microscope at the intersection point of the two lines in the 
central field of view. The total length (L) of all lines divided 
by the number of intercepts provided the MLI for the region 
studied. The formula used to estimate the average diameter 
of a single alveolus is MLI = L/ASN (μm) (Yu et al. 2018).

Fig. 1   Schematic diagram of the experimental schedule. Successful induction of carbon monoxide (CO) poisoning was screened by carboxy-
hemoglobin (COHb) concentration in blood immediately after CO exposure. Rats were examined on the day of poisoning and at 6 weeks
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Complete blood count (CBC)

For the CBC assay, 0.2 mL of blood was anticoagulated with 
ethylenediaminetetraacetic acid. Hematological parameters, 
including white blood cells (WBC), red blood cells (RBC), 
hemoglobin (Hb), platelets (PLT), mean corpuscular volume 
(MCV), mean corpuscular hemoglobin (MCH), mean cor-
puscular hemoglobin concentration (MCHC), neutrophils, 
lymphocytes, monocytes, eosinophils, and basophils, were 
measured using an Automatic Blood Analyzer (XN-V, SYS-
MEX, Japan).

Preparation of the lung and Western blot

The right lung was lysed in 500 μL of cold radioimmu-
noprecipitation assay buffer (RIPA) solution, which con-
tains 50 mM Tris–HCl, pH 7.5, 1% Triton X-100, 150 mM 
NaCl, 0.1% sodium dodecyl sulfate [SDS], and 1% sodium 
deoxycholate, with a protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA). Tissue lysate was centri-
fuged at 13,000 × g for 15 min at 4 °C. After collecting the 
supernatant, the protein concentration was analyzed using 
a Bicinchoninic acid (BCA) assay kit (Molecular Probes, 
Eugene, Oregon, USA). For electrophoresis, 50 μg of pro-
tein was diluted in sample buffer (60 mM Tris–HCl, pH 6.8; 
14.4 mM β-mercaptoethanol; 25% glycerol; 2% SDS; and 
0.1% bromophenol blue), heated for 10 min, and then sepa-
rated on a 10% SDS reducing gel. Using a trans-blot system, 
the separated proteins were transferred onto polyvinylidene 
difluoride (PVDF) membranes (Invitrogen, Carlsbad, CA, 
USA). Blots were blocked for 1 h at room temperature in 
Tris-buffered saline (TBS) (10 mM Tris–HCl, pH 7.5 and 
150 mM NaCl) containing 5% nonfat dry milk, then washed 
three times with TBS before being incubated at 4 °C over-
night with anti-rabbit tumor growth factor (TGF) β (1:1000, 
ABclonal, MA, USA), anti-rabbit alpha-smooth muscle actin 
(ɑSMA) (1:1000, ABclonal, MA, USA), anti-rabbit mac-
rophage metalloproteinase (MMP) 9 (1:1000, ABclonal MA, 
USA), anti-rabbit nuclear factor (NF)-κB (1:1000, ABclonal, 
MA, USA), and anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (1:3000, Cell signaling, MA, USA) anti-
bodies in TBST (10 mM Tris, pH 7.5; 150 mM NaCl; and 
0.02% Tween 20) containing 5% nonfat dry milk. After being 
washed three times with TBST, the blots were incubated 
with horseradish peroxidase-conjugated secondary antibod-
ies (1:3000, Santa Cruz Biotech, Santa Cruz, CA, U.S.A.) 
for 1 h in TBST containing 3% nonfat dry milk at room 
temperature. After being washed three times with TBST, 
the proteins were detected using an ECL detection system 
(Amersham Pharmacia Biotech, Piscataway, NJ, USA). 
The protein bands on the blots were seen using an enhanced 
chemiluminescence detection system (Bio-Rad, Hercules, 
CA, USA). Scanning densitometry and computer-assisted 

image analysis software (Image Lab 6.1, Bio-Rad) were used 
to quantify the signals. Protein levels were expressed as ratio 
of the values of the detected protein bands to those of the 
GAPDH band.

Antibody array

To identify several anti- and pro-inflammatory cytokines 
related to lung disease modulated by CO poisoning, 1500 
proteins were analyzed in lungs from CO-poisoned rats 
using an array-based antibody array. An antibody-based 
cytokine array system (L Series 1500, RayBio® Label-Based 
Rat Antibody Array 1, RayBiotech, Norcross, GA) was used 
to detect the cytokine and growth factor levels in normal and 
CO-poisoned rats. Briefly, normal and CO-poisoned lung 
extract samples were incubated with a labeling reagent and 
washed according to the manufacturer's instructions. Sam-
ples were diluted 1:50 (v/v) in blocking buffer and incubated 
on pre-blocked arrays overnight at 4 °C. Membranes were 
then incubated with streptavidin-conjugated peroxidase for 
2 h and exposed to a peroxidase substrate for 5 min before 
development on an X-ray film. Densitometric analysis was 
performed on a Kodak ImageStation 4000 M (Eastman 
Kodak Company, Rochester, NY, USA) with background 
subtraction from spot edges. The spot data were normalized 
to the positive control spot on each array.

Enzyme‑linked immunosorbent assay (ELISA)

Serum Krebs Von Den Lungen-6 (KL-6, MyBioSource, 
San Diego, CA, USA) protein levels were measured using 
ELISA. The BCA assay kit was used to measure and stand-
ardize the total protein concentration (Molecular Probes, 
Eugene, Oregon, USA). The standard was diluted, and then 
the samples, standards, and blank were added to the plate 
wells and incubated for 1 h at 37 °C. The liquid was dis-
carded, and the plate was washed five times and patted dry. 
Chromogenic reaction reagent was added and incubated in 
the dark for 15 min at 37 °C. Finally, the stop solution was 
added, and the absorbance at 450 nm was measured within 
10 min.

Statistical analysis

Data are expressed as mean ± standard error of the mean 
(SEM) or mean ± standard deviation (SD). A t-test was used 
to compare the differences between the two groups. Analy-
sis of variance (ANOVA) was used to compare differences 
between three or more groups. Data were analyzed using 
PRISM 5.01 (GrapPad Software, Boston, MA, USA). Differ-
ences with p < 0.05 were considered statistically significant.
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Results

CO poisoning model

The free-moving rats in the chamber became slightly drowsy 
after 20 min of exposure to 1500 ppm CO and reached a 
semi-comatose state approximately 10–15 min later. The 

vein blood analysis measured before and immediately after 
CO poisoning showed that the COHb level increased to a 
near-lethal level (50.50% ± 4.38%) in the CO-poisoned 
rats and only 0.30% ± 0.42% in the control group. Elevated 
COHb values after 6 weeks of intoxication were normalized 
(0.40% ± 0.21%) (Table 1).

Emphysematous changes in CO‑poisoned lungs

The structural features of CO-poisoned lungs were exam-
ined using the MLI measurement technique, and the results 
are shown in Fig. 2. Morphologically, after 6 weeks of CO 
poisoning, the lungs showed enlargement of the alveolar 
airspaces and destruction of the septal walls of alveoli in 
the field of view under a microscope (× 200 magnification). 
The MLI was significantly increased in the lungs of the CO-
poisoned group compared with in those of the control group 
(69.42 ± 3.33 μm vs. 42.95 ± 1.16 μm, p < 0.0001) (Fig. 2). 
An increased MLI value indicates that the inner diameter of 
the alveoli has been enlarged.

Table 1   Vein blood analysis after CO exposure

CO carbon monoxide, PCO2, partial pressure of carbon dioxide;, PO2, 
partial pressure of oxygen, HCO3

¯
, bicarbonate, O2, oxygen, COHb, 

carboxyhemoglobin. Data are presented as the mean ± standard devia-
tion for each group

Control Post-CO poison-
ing

Six weeks after 
CO poisoning

pH 7.39 ± 0.07 7.51 ± 0.06 7.41 ± 0.08
PCO2, mmHg 40.67 ± 5.16 34.75 ± 3.83 44.25 ± 7.08
PO2, mmHg 42.83 ± 6.79 23.50 ± 3.35 70.67 ± 11.32
HCO3

¯, mmol/L 25.52 ± 2.0 27.80 ± 3.67 27.90 ± 2.42
Glucose, mg/dL 140.67 ± 12.64 278.00 ± 47.61 198.25 ± 40.28
Lactate, mmol/L 1.60 ± 0.30 3.90 ± 1.59 2.75 ± 0.76
O2Hb, % 78.92 ± 3.24 33.58 ± 2.09 87.93 ± 4.41
COHb, % 0.38 ± 0.35 51.40 ± 2.85 0.40 ± 0.19

Fig. 2   Representative histological pictures of emphysematous 
changes to lung architecture. A Hematoxylin and eosin-stained lung 
tissue image from a healthy control rat displays normal architecture 
with appropriate airway size and morphology (Scale bar is 50 μm). B 
Hematoxylin and eosin-stained lung tissue image from a rat that poi-
soned by carbon monoxide (CO) exhibits distorted architecture with 
enlarged alveolar (scale bar is 50 μm). CO-poisoned rat lung showed 
emphysematous change at 6 weeks after exposure to CO at 1500 ppm 

for 3 h. C and D Lower magnification microscope image (scale bar is 
200  μm). E The mean linear intersect (MLI) quantified from tissue 
sections demonstrates significantly increased airway space in CO-poi-
soned lung. The morphometric analysis of the MLI showed a signifi-
cant difference between the control group (42.95 ± 1.16 μm) and CO-
poisoned group (69.42 ± 3.33 μm) (p < 0.0001). Data are presented as 
the mean ± standard error of mean for each group
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Changes in cell differentiation after CO poisoning

Total WBC counts did not differ according to the blood sam-
pling time. However, compared with those of the control 
rats, neutrophil counts increased immediately after CO poi-
soning (1718 ± 762 × 106/L vs. 683 ± 253 × 106/L, p < 0.01) 
and decreased 6 weeks after CO poisoning, although still 
higher than that of the control rats (1531 ± 543 × 106/L vs. 
683 ± 253 × 106/L, p < 0.05). On the other hand, lymphocyte 
(4810 ± 628 × 106/L vs. 6584 ± 630 × 106/L, p < 0.01) and 
monocyte (320 ± 51 × 106/L vs. 653 ± 258 × 106/L, p < 0.01) 
decreased significantly immediately after CO poisoning and 
recovered to a level similar to that of the normal group after 
6 weeks. Their decrease appears to be a transient phenom-
enon following CO poisoning. (Table 2, Fig. 3).

Affected expression of genes related to alveolar destruction 
in CO‑poisoned lungs

We performed antibody array to find out what changes 
carbon monoxide poisoning causes in various proteins in 
tissues, and among them, SERPINA1, IL-13, CD44, and 
growth differentiation factor (GDF) 7 decreased in asso-
ciation with lung emphysema. The levels of expression 

SERPINA1, IL-13, CD44, and GDF 7 were significantly 
decreased in the CO poisoning group than in the control 
group. (Fig. 4).

Modulation of tissue remodeling protein 
in CO‑poisoned lungs

To identify the protein associated with the alveolar and 
lung damages induced by CO poisoning, the expressions 
of various factors, including TGFβ, ɑ-SMA, MMP9, and 
NF-κB, were investigated using Western blot (Fig. 5A). 
TGFβ, ɑ-SMA, MMP9, and NF-κB levels were significantly 
elevated in the CO-poisoned group compared with the con-
trol group (Fig. 5B–E) (p = 0.0194, 0.0409, 0.0321, 0.0325, 
respectively).

Increased KL‑6 levels in the serum of CO‑poisoned 
rats

To examine the effect of CO poisoning on the expression 
of KL-6, ELISA using serum was performed 6  weeks 
after CO poisoning. The levels of serum KL-6 were sig-
nificantly higher in the CO-poisoned rats than those in the 
control group (1607 ± 336.1 U/mL vs. 231 ± 26.56 U/mL, 
p < 0.0001) (Fig. 6).

Discussion

This study investigated the effects of CO on lung tissues 
using pathological findings and biomarkers of lung dam-
age, and we observed emphysematous changes in the alveoli 
of rat lungs after CO poisoning. Additionally, biomarkers 
of inflammatory activity that mediate the pathogenesis of 
emphysema were also altered in the serum and lungs of CO-
poisoned rat models.

Although the lung airway is the organ directly exposed 
to inhaled gas, the effects of CO on the lungs are not estab-
lished; furthermore, the information on the chronic effects 
is minimal. The emphysematous changes caused by CO 
poisoning in this study can be explained by a mechanism 
similar to that in tobacco smoking, a well-known risk fac-
tor of emphysema (Global Initiative for Chronic Obstruc-
tive Lung Disease 2021). Smoking-induced oxidative stress 
alters neutrophil elastase and anti-elastase homeostasis, 
destroying alveolar structure and leading to emphysema 
(Lungarella et al. 2008). Increased oxidative stress in airway 
epithelial cells alters cell differentiation, followed by airway 
remodeling (Wohnhaas et al. 2021). The major mechanisms 
of damage from CO intoxication include oxidative stress and 
free radicals. Oxidative stress from CO intoxication damages 
mitochondrial function and causes cellular inflammation in 
vulnerable organs (Rose et al. 2017). These changes may 

Table 2   Complete blood count according to the sampling time after 
CO poisoning

CO carbon monoxide; WBC, white blood cell, RBC red blood cell, 
MCV mean corpuscular volume, MCH mean corpuscular hemo-
globin, MCHC mean corpuscular hemoglobin concentration. Data are 
presented as the mean ± standard deviation for each group
* p < 0.05; **p < 0.01, post-CO poisoning or six weeks after CO poi-
soning vs control
† p < 0.05; ††p < 0.0001, six weeks after CO poisoning vs post-CO poi-
soning

Control Post-CO poison-
ing

Six weeks after 
CO poisoning

WBC, 106/L 7768 ± 1572 6900 ± 1176 9222 ± 2002
Neutrophil, 106/L 683 ± 253 1718 ± 762** 1531 ± 543*
Lymphocyte, 

106/L
6584 ± 630 4810 ± 628** 7314 ± 1312††

Monocyte, 106/L 653 ± 258 320 ± 51** 496 ± 135†

Eosinophil, 106/L 110 ± 21 75 ± 15 121 ± 31
Basophil, 106/L 20 ± 10 12 ± 5 20 ± 10
RBC, 109/L 8478 ± 669 7198 ± 657 7,460 ± 973
Hemoglobin, g/

dL
14.82 ± 0.66 15.26 ± 1.08 13.48 ± 1.54

MCV, fL 50.92 ± 3.76 51.90 ± 2.26 50.38 ± 3.66
MCH, pg 17.52 ± 0.65 21.66 ± 2.12 17.98 ± 0.43
MCHC, g/dL 34.46 ± 1.51 41.82 ± 4.62 35.74 ± 1.78
Nucleated RBC, 

106/L
4 ± 5 26 ± 15 6 ± 5

Platelet, 103/uL 859 ± 369 1179 ± 197 778 ± 442



	 Molecular & Cellular Toxicology

1 3

cause tissue damage in various organs, including the lung, 
as smoking does. However, unlike exposure to smoking, CO 
poisoning is a one-time acute episode of significant exposure 
to toxic gas. Therefore, structural alveolar damage, such as 
emphysema caused by CO poisoning, has not been investi-
gated. Long-term damage and development of chronic dis-
eases in nonpulmonary organs after CO poisoning have been 
reported previously. CO poisoning was associated with the 
development of chronic kidney disease (Wei et al. 2021), a 
high incidence of ischemic stroke (Kwak et al. 2021), and a 
higher long-term mortality rate of patients with myocardial 
injury due to CO poisoning (Henry et al. 2006) in long-term 
follow-up data.

In this study, the lungs at 6 weeks after CO poisoning 
showed decreased alpha1-antitrypsin (AAT) and IL-13 lev-
els. SERPINA1 encodes AAT, which protects against alveo-
lar structural destruction caused by neutrophil elastase. 
Mutations in several alleles of SERPINA1 result in AAT 
deficiency of varying severity. Clinically, AAT deficiency 
presents as emphysema in the lungs and is the major genetic 
pathophysiology of the disease (Strnad et al. 2020). IL-13 
is a pleiotropic cytokine primarily produced by activated 
T cells (McKenzie et  al. 1993). IL-13 overexpression 

stimulates and activates TGF-ß1, which plays a role in lung 
injury and repair, including emphysema and fibrosis (Lee 
et al. 2001; Morris et al. 2003; Warburton et al. 2013). 
IL-13 also stimulates MMP and cathepsin-based pathways 
in the lungs, causing emphysema and COPD (Zheng et al. 
2000). Conversely, some investigators have suggested the 
protective role of IL-13 against the development of emphy-
sema (Boutten et al. 2004). In their study using human lung 
samples, IL-13 mRNA and protein levels decreased in the 
severe emphysema group. They explained that decreased 
IL-13 levels contributed to the development of emphysema 
through protease imbalance, oxidant injury, apoptosis, and 
repair function defects. However, our results, as in a previous 
study, cannot explain whether decreased IL-13 levels devel-
oped during emphysematous changes or was the mediator of 
disease development. In addition to AAT and IL-13, some 
molecules with protective roles against inflammation, oxida-
tive stress, and tissue damage, such as CD44 and GDF7, are 
decreased in CO-poisoned lungs (Dong et al. 2022; Hodge 
et al. 2007; Teder et al. 2002).

On the other hand, major epithelial–mesenchymal tran-
sition (EMT) molecules, such as TGF-ß1, MMP, NF-κB, 
and α-SMA, are increased in the lungs of the CO-poisoned 

Fig. 3   Changes in cell differentiation after carbon monoxide (CO) 
Poisoning. Immediately after CO poisoning, the neutrophil count 
increased (1718 ± 762 × 106/L vs 683 ± 253 × 106/L, p < 0.01) and 
lymphocyte and monocyte count decreased. At 6  weeks after CO 
poisoning, cell counts showed recovery but neutrophil count was 
still higher than the count before CO poisoning (1531 ± 543 vs 

683 ± 253 × 106/L, p < 0.05). *, ** denote significant differences 
(*p < 0.05; **p < 0.01) compared to the control levels. †, †† denote 
significant differences (†p < 0.05; ††p < 0.0001) between six weeks 
after CO poisoning and post-CO poisoning. Data are presented as the 
mean ± standard deviation for each group
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Fig. 4   Screening of protein expression by carbon monoxide (CO) 
poisoning in lung tissue. A The level of SERPINA1 expression was 
significantly decreased in the CO-poisoned group compared to the 
control group at 6  weeks after CO poisoning (p = 0.0053). B The 
level of IL-13 was significantly decreased in the CO-poisoned group 

(p < 0.0001). C The level of CD44 was significantly decreased in the 
CO-poisoned group (p = 0.0004). D the level of GDF7 was signifi-
cantly decreased in the CO-poisoned group (p = 0.0079). E Protein 
levels were quantified by antibody array. Data are presented as the 
mean ± standard error of mean for each group

Fig. 5   Expression of proteins contributing to tissue remodeling and 
destruction. A Western blot analysis in the CO-poisoned lung. B–E 
Representative Western blot analysis of TGFβ, ɑ-SMA, MMP9, and 
NF-κB. Western blots were quantified using densitometry analysis, 
normalized to GAPDH, and graphed as mean ± SEM. TGFβ (B), 

ɑ-SMA (C), MMP9 (D), and NF-κB (E) was significantly increased 
in the CO-poisoned group compared to the control group at 6 weeks 
after CO poisoning. * denotes difference (p < 0.05) compared to the 
control group. Data are presented as the mean ± standard error of 
mean for each group
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group. These molecules lead to improper synthesis and dep-
osition of extracellular matrix and alveolar epithelial damage 
(Holm Nielsen et al. 2019; Park et al. 2019). Damage to 
various activated signaling pathways results in fibrosis and 
emphysema of the lungs (Morris et al. 2003; Schuliga 2015; 
Warburton et al. 2013).

KL-6 has been suggested as an indicator of the activ-
ity of interstitial lung disease (ILD) (Kohno et al. 1989). 
Especially in idiopathic pulmonary fibrosis (IPF), KL-6 is 
associated with a risk of acute exacerbation (Aloisio et al. 
2021). In addition to IPF, other respiratory diseases show 
increased levels of KL-6 (Lederer et al. 2009; Xu et al. 
2017). Increased KL-6 in at-risk patients was associated 
with the diagnosis of ARDS. KL-6 is expressed in type II 
pneumocytes and becomes stronger when alveolar epithe-
lial cells are damaged (Kohno et al. 1993). The increased 
KL-6 levels observed in the CO-intoxicated model can be 
explained by two mechanisms. First, KL-6 levels reflect 
alveolar capillary permeability (Sakai et al. 2013). These 
experimental results were represented in studies of patients 
with ARDS defined by increased alveolar capillary permea-
bility (Briassoulis et al. 2006; Sato et al. 2004). CO intoxica-
tion also increases permeability, according to a study using 
animal models (Fein et al. 1980). Second, KL-6 levels are 
increased in patients with emphysema (Kokuho et al. 2015). 
COPD biomarkers are not easily interpreted and have very 
low specificity (Stockley et al. 2019). Although KL-6 is not 
specific for emphysema or COPD, previous studies have 
revealed that its concentration is elevated in emphysema 
compared with in smokers or healthy controls (Kohno et al. 
1989; Kokuho et al. 2015). Moreover, serum KL-6 levels 
were higher in patients with combined pulmonary fibrosis 
and emphysema than in those with IPF only (Demirdöğen 

2022). These findings are inconsistent, but emphysematous 
changes in the alveoli may be related to increased KL-6 
level, as an indicator of epithelial cell damage.

Based on the results of our study, the implications of 
structural changes on long-term respiratory-related progno-
ses have not yet been fully estimated. However, according to 
clinical studies on emphysema patients, emphysema is not a 
negligible, simple scar. Emphysematous changes in the lung 
are unnoticeable until the damage becomes severe (Wewers 
1989). Early emphysematous damage can lead to the devel-
opment of emphysema once it is initiated and is a predictor 
of forced expiratory volume decline (Bhatt et al. 2017; Bod-
duluri et al. 2017). Individuals with emphysema may have 
normal spirometric findings and are therefore regarded as 
a subtype of pre-COPD (Agustí and Hogg 2019; Martinez 
et al. 2022). Therefore, the effects of CO intoxication do not 
end in a single episode. Instead, it represents the beginning 
of future damage, including structural and functional dam-
age. Ultimately, CO-intoxicated patients should be moni-
tored for the development and progression of emphysema 
and decline in lung function.

Our study had some limitations. The use of CO as a novel 
therapy for several refractory diseases has received increas-
ing attention (Bathoorn et al. 2007; Hoetzel et al. 2007; 
Hoetzel et al. 2009). Treatment is usually performed using 
low-dose CO. However, our acute CO poisoning models 
could not explain the effects of CO in various levels. Nev-
ertheless, without the knowledge on long-term and occult 
damage, therapeutic trials should be started very carefully.

To our knowledge, this is the first study to demonstrate 
the long-term (6 weeks) effects of CO poisoning in a lung 
model. This study is also the first to report the morphologi-
cal changes with emphysema in this lung model. Although 
more information on the link between CO poisoning and 
emphysema is needed, our study suggests the need for proper 
long-term monitoring following CO poisoning and the need 
for clinical trials. In conclusion, this study confirms emphy-
sematous changes in the alveoli of rat lungs and alterations 
in biomarkers of inflammatory activity that mediate the 
pathogenesis of emphysema after CO poisoning.
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