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Autocrine insulin‑like growth factor 2 
signaling as a potential target in the associated 
development of pulmonary emphysema 
and cancer in smokers
Hye‑Jin Boo1,2†, Hye‑Young Min1,3†, Heung‑Bin Lim4, Euni Lee5 and Ho‑Young Lee1,3,5*    

Abstract 

Background  Tobacco smoking causes pulmonary inflammation, resulting in emphysema, an independent risk factor 
for lung cancer. Induction of insulin-like growth factor 2 (IGF2) in response to lung injury by tobacco carcinogens, 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol and polycyclic aromatic hydrocarbon benzo[a]pyrene in combination 
(NB), is critical for the proliferation of alveolar type 2 cells (AT2s) for lung repair. However, persistent IGF2 overexpres‑
sion during NB-induced severe injury results in hyperproliferation of AT2s without coordinated AT2-to-AT1 differ‑
entiation, disrupting alveolar repair, which leads to the concurrent development of emphysema and lung cancer. 
The current study aims to verify the role of IGF2 signaling in the associated development of emphysema and cancer 
and develop effective pharmaceuticals for the diseases using animal models that recapitulate the characteristics 
of these chronic diseases.

Methods  The pathogenesis of pulmonary emphysema and cancer was analyzed by lung function testing, histologi‑
cal evaluation, in situ zymography, dihydroethidium staining, and immunofluorescence and immunohistochemistry 
analyses utilizing mouse models of emphysema and cancer established by moderate exposure to NB for up to seven 
months.

Results  Moderate NB exposure induced IGF2 expression in AT2s during the development of pulmonary emphysema 
and lung cancer in mice. Using AT2-specific insulin receptor knockout mice, we verified the causative role of sustained 
IGF2 signaling activation in AT2s in emphysema development. IGF2-targeting strategies, including voltage-dependent 
calcium channel blocker (CCB) and a neutralizing antibody, significantly suppressed the NB-induced development 
of emphysema and lung cancer. A publicly available database revealed an inverse correlation between the use of cal‑
cium channel blockers and a COPD diagnosis.

Conclusions  Our work confirms sustained IGF2 signaling activation in AT2s couples impaired lung repair to the con‑
current development of emphysema and cancer in mice. Additionally, CCB and IGF2-specific neutralizing antibodies 
are effective pharmaceuticals for the two diseases.

Keywords  Emphysema, Lung cancer, Cigarette smoking, Insulin-like growth factor 2, Calcium channel blocker

†Hye-Jin Boo and Hye-Young Min contributed equally to this work.

*Correspondence:
Ho‑Young Lee
hylee135@snu.ac.kr
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41232-024-00344-3&domain=pdf
http://orcid.org/0000-0001-7556-9312


Page 2 of 16Boo et al. Inflammation and Regeneration           (2024) 44:31 

Background
Chronic obstructive pulmonary disease (COPD) and lung 
cancer are the leading causes of death worldwide, and 
few therapies are available [1, 2]. Emphysema, a major 
pathological component of COPD, is an independent 
risk factor for lung cancer [3–5], particularly squamous 
cell carcinoma [6]. Tobacco smoking (TS) is a common 
risk factor for COPD and lung cancer [7]. A number of 
molecular mechanisms induced by TS have been impli-
cated in emphysematous lung destruction [8, 9]. Stem 
cell (SC) populations in the pulmonary epithelium func-
tion defend against lung injury [10], and defects or altera-
tions in SC function may lead to the development of 
various pulmonary diseases [10]. The mature lung alveo-
lar epithelium is composed of squamous type 1 cells (AT1 
cells, AT1s), the main alveolar cells for gas exchange, and 
cuboidal type 2 cells (AT2 cells, AT2s), which prevent 
alveolar collapse by producing surfactants [10]. A grow-
ing body of evidence supports the SC function of AT2s in 
replenishing damaged alveolar epithelium [10–12]. Turn-
over of AT2s is low at a steady state but increases after 
injury to restore the damaged alveolar barrier [13, 14]. 
Hence, tight control of cell self-renewal and differentia-
tion of AT2s is pivotal for maintaining lung homeostasis 
after TS-induced pulmonary injury.

The insulin-like growth factor (IGF) axis, which com-
prises two ligands (IGF1 and IGF2), three receptors 
(IGF1 receptor [IGF-1R], IGF2 receptor [IGF-2R], and 
insulin receptor [IR]), and seven IGF-binding proteins 
(IGFBPs, from IGFBP1 to IGFBP7) [15], plays multi-
ple roles in the regulation of cellular growth, prolifera-
tion, and differentiation [15]. The IGF axis cross-talks 
with various signaling pathways involved in SCs, such 
as the Wnt pathway [16], which plays an essential role 
in SC self-renewal [17]. Levels of IGF2 expression and 
the ratio of IR isoforms (IR-A:IR-B) have been impli-
cated in the regulation of a variety of SCs [18]. We have 
shown that exposure to two representative tobacco car-
cinogens (TCs), 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanol (NNK) and polycyclic aromatic hydrocarbon 
benzo[a]pyrene (BaP), in combination (NB) through 
intratracheal instillation induces pulmonary inflamma-
tion, causing architectural damages in the lung [19]. As 
a defense mechanism to repair lung architecture against 
NB-induced injury, AT2s undergo active proliferation 
via transcriptional upregulation of IGF2 and subsequent 
activation of the IGF-1R/IR signaling pathway [19]. How-
ever, severe lung injury caused by daily exposure to NB 
for a month results in excessive IGF-1R/IR signaling acti-
vation via persistent transcriptional upregulation of IGF2 
under epigenetic modulation. Consequent hyperprolif-
eration of AT2s without coordinated AT2-to-AT1 dif-
ferentiation results in impairment of the normal repair of 

the lung and progressive development of emphysema and 
lung cancer [19]. However, COPD is a progressive disease 
frequently associated with low-grade systemic chronic 
inflammation [20, 21] and airflow obstruction [22], and 
our findings from the NB-induced severe injury may not 
recapitulate the features of pathogenesis observed in the 
human counterpart.

This study aims to verify the role of autocrine IGF2 
signaling in the TS-induced associated development of 
emphysema and cancer and to develop effective phar-
maceuticals for the chronic pulmonary illness utilizing 
mouse models that can mimic aspects of biological pro-
cesses during the development of the deadly diseases.

Materials and methods
Reagents
NNK was purchased from Toronto Research Chemicals, 
Inc. (North York, Ontario, Canada). Chemicals utilized 
in this study were procured from Sigma-Aldrich, head-
quartered in St. Louis, MO, USA, unless otherwise speci-
fied. Tobacco smoking extract (TSE) was prepared as 
described previously [23].

Mouse experiment
The protocols for performing mouse experiments were 
approved by the Seoul National University Institutional 
Animal Care and Use Committee. The mice were allowed 
to consume food and water without restriction. They 
were also kept in a facility that was equipped with a semi-
specific pathogen-free (SPF) barrier, a light-dark cycle 
of a twelve-hour interval, and a controlled temperature 
of 22±2°C. Experiments were conducted using male and 
female FVB/N mice aged between 4 and 12 weeks.

To investigate the effects of NB on lung injury and 
development of emphysema and cancer, FVB/N mice 
were given NNK and BaP (NB, 3 μmol each in 0.1 mL of 
cottonseed oil) by oral gavage twice per week for up to 
seven months. In addition, to examine the effect of TSE 
on emphysema development, FVB mice were treated 
with 50 μL of TSE (10 mg/mL) by oral gavage twice per 
week for one year and then euthanized. Conditional Insr 
knockout (Insrfl/fl) mice on a C57BL/6J background were 
purchased from Jackson Laboratories (Bar Harbor, ME, 
USA). The Sftpc-CreERT2 mouse on a C57BL/6J back-
ground was kindly provided by Dr. Brigid Hogan (Duke 
University, Durham, NC, USA). These mice were back-
crossed onto the FVB/N background with FVB/N mice 
(purchased from Japan SLC, Inc., Hamamatsu-shi, Japan) 
for over eight generations. For inducing Cre expression 
in Sftpc-positive cell populations, mice were intraperito-
neally administered 0.25 mg/g body weight of tamoxifen 
(TM, dissolved in cottonseed oil at a concentration of 
25 mg/mL) once daily for four days. Injected mice were 
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allowed to recover for at least seven days after the last 
injection.

To evaluate the effects of IGF2 depletion on the ini-
tiation and development of pulmonary emphysema and 
lung tumorigenesis, mice were administered antibodies. 
Briefly, mice were given NNK and BaP (NB, 3 μmol each 
in 0.1 mL of cottonseed oil) by oral gavage twice per week 
for 12 weeks. After 12 weeks, IGF2-neutralizing antibody 
(R&D Systems, Minneapolis, MN, USA; 10 μg per mouse) 
or IgG control (10 μg per mouse) was given with or with-
out NB by intratracheal instillation once a week for 8 
weeks. To assess the impact of a calcium channel blocker 
on NB-induced development of pulmonary emphysema 
and lung cancer, mice were orally treated with vehicle or 
NB twice a week for 12 weeks, and, one week after NB 
treatment, amlodipine (0.8 mg/kg, six times a week via 
oral gavage) was treated in combination with NB.

Measurement of lung function
Each mouse was weighed before anesthetizing with keta-
mine and xylazine. Then, a tracheostomy was conducted 
with an 18-gauge cannula. The cannula was connected to 
a computer-controlled small animal ventilator (flexiVent; 
Scireq, Montreal, PQ, Canada) and regular quasi-sinusoi-
dal ventilation started at a frequency of 150 breaths/min 
and a tidal volume of 10 mL/kg. Before measuring lung 
function, deep inflation was performed by applying a 
pressure of 30 cmH2O. This step was useful for normaliz-
ing volumes in the lung. The mechanical properties of the 
lungs, including compliance and tissue elastance, were 
measured using the SanpShot-150 and Quick Prime-3 
perturbations. Three readings per mouse were taken.

Histological analysis
Paraffin sections (4 μm) and cryosections (8 μm) were 
used for histology. Sections were stained with hematox-
ylin and eosin for histological analysis. The mean linear 
intercept (chord)-length (MLI) method [24] was used to 
quantify airspace enlargement. Briefly, randomly selected 
fields under a magnification of 10× were evaluated from 
each lung. Ten lines were randomly placed on the fields, 
and the number of intercepts crossing the alveolar wall 
was counted using ImageJ software (National Institute of 
Health, Bethesda, MD, USA).

Analysis of lung tumorigenesis by administration of NB
Tumor formation was evaluated and compared with that 
of the control group. Hematoxylin and eosin (H&E) stain-
ing was performed to measure the mean tumor num-
ber (N) and volume (V) in a blinded fashion. The tumor 
volume was determined using the following formula: V 
(mm3) = (long diameter × short diameter2)/2. The tumor 

burden was calculated using the following formula: mean 
tumor number (N) × mean tumor volume (V). The num-
ber and size of tumors were evaluated in six sections uni-
formly distributed throughout each lung.

Immunofluorescence staining
Paraffin sections (4 μm) and cryosections (8 μm) were 
used for immunofluorescent analysis. In the case of the 
paraffin sections, the sections were deparaffinized and 
dehydrated. We then performed antigen retrieval using a 
citrate-based antigen unmasking solution. In the case of 
cryosections, the sections were fixed in 4% paraformalde-
hyde for 30 min at room temperature. Permeabilization 
was performed using 0.2% Triton X-100 in PBS for 15 min 
at room temperature. Blocking was performed with 10% 
normal serum in TBST (0.1% Tween-20 in Tris-buffered 
saline) for 1 h at room temperature. Primary antibodies 
were incubated overnight at 4°C with the following anti-
bodies: Pdpn (1:500) (hamster, Developmental Studies 
Hybridoma Bank, Iowa City, IA, USA), SPC (1:200) (rab-
bit, Millipore, Billerica, MA, USA), MPO (1:100) (rab-
bit, Abcam, Cambridge, UK), F4/80 (1:100) (rat, Bio-Rad 
Laboratories, Hercules, CA, USA), CD4 (1:200) (rabbit, 
Abcam), CD8 (1:200) (rat, Abcam), Muc1 (1:500) (ham-
ster, Thermo Fisher Scientific, Waltham, MA, USA), 
IGF2 (1:100) (goat, Santa Cruz  Biotechnology, Dallas, 
TX, USA), IGF2 (1:100) (goat, R&D Systems), pIGF-1R/
IR (Y1135/36, rabbit, Cell Signaling Technology, Dan-
vers, MA, USA), and Ki67 (1:200) (rabbit, Abcam). 
Alexa Fluor-conjugated secondary antibodies (1:500) 
(Thermo Fisher Scientific or Abcam) were incubated for 
1 h at room temperature. The nuclei were stained with 
4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). 
Fluorescence images were acquired using Leica TCS 
SP8 (Leica Microsystems, Wetzlar, Germany) or Zeiss 
LSM700 (Carl Zeiss SMT GmbH, Oberkochen, Ger-
many) laser scanning confocal microscopes. For co-
immunofluorescence analyses of AT2-specific expression 
of IGF2, Ki67, and pIGF-1R/IR, we selected either SPC-
specific or Muc1-specific antibodies in each experiment, 
considering the availability of antibodies based on their 
application for immunofluorescence staining and the 
cross-reactivity of the secondary antibodies to primary 
antibodies from different species.

Immunohistochemistry
Immunohistochemistry to evaluate the level of IGF1, 
IGF2, IR, and IGF-1R expression in the lungs of PBS or 
TSE-treated mice was performed as described previ-
ously [19] with the following antibodies: IGF1 (1:100) 
(rabbit, Santa Cruz Biotechnology), IGF2 (1:200) (rab-
bit, Abcam), insulin receptor (1:100) (rabbit, Santa 
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Cruz  Biotechnology), and IGF-1R (1:100) (rabbit, Cell 
Signaling Technology).

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay
Apoptotic DNA fragmentation was analyzed using a 
TUNEL assay kit (Millipore, MA, USA) according to the 
manufacturer’s instructions. Briefly, cryosections (8 μm) 
were fixed in 1% paraformaldehyde for 10 min at room 
temperature. After washing with PBS, the sections were 
post-fixed in precooled ethanol:acetic acid 2:1 for 5 min 
at ‒20°C. The sections were then incubated with the 
working strength TdT enzyme for 1 h at 37°C. Then, the 
sections were incubated with stop/wash buffer for 10 min 
at room temperature. Finally, an anti-digoxigenin conju-
gate was applied to the sections for 30 min at room tem-
perature. All slides were counterstained with DAPI.

In situ zymography for measuring matrix 
metalloproteinase (MMP) activity
Unfixed cryosections of the lungs (8 μm) were investi-
gated. The fluorescein-conjugated DQ-gelatin (Thermo 
Fisher Scientific) diluted in low-melting agarose was 
placed on top of the dried sections and covered with a 
coverslip. Incubation was performed for 3 h at room tem-
perature. Fluorescein isothiocyanate (FITC) fluorescence 
was detected with excitation at 460-500 nm and emission 
at 512-542 nm.

Dihydroethidium (DHE) staining for measuring in vivo 
reactive oxygen species (ROS) levels
Unfixed cryosections (8 μm) were investigated. Sections 
were incubated with ROS-sensitive dye DHE (Thermo 
Fisher Scientific) for 30 min at 37°C. The slides were 
counterstained with DAPI. Images were acquired using a 
Zeiss LSM700 laser scanning confocal microscope.

Mouse lung dissociation and flow cytometry for isolation 
of alveolar epithelial type 1 and 2 cells
The mice were euthanized by isoflurane inhalation. The 
lungs were perfused with cold PBS through the right 
ventricle. Lungs were inflated with 2 mL dispase (Corn-
ing Inc., Corning, NY, USA) and 1 mL of 1% low-melting 
agarose into trachea, then minced into small pieces in a 
50-mL conical tube, and 3 mL PBS, 60 μL of collagenase/
dispase, and 7.5 μL of 1% DNase I followed by shaking 
incubation for 45 min at 37°C. Next, the cells were fil-
tered sequentially using 70- and 40-μm strainers and cen-
trifuged at 1,500 rpm for 5 min at 4°C. The cell pellet was 
suspended in 1 mL of red blood cell (RBC) lysis solution 
and lysed for 1.5 min at room temperature. Then, 6 mL of 
basic DMEM/F12 media and 500 μL of FBS were added 
to the bottom of tube. After centrifugation, the cell pellet 

was suspended in PBS with 10% FBS for staining against 
alveolar epithelial type 1 and 2 cells for flow cytometry. 
To isolate alveolar epithelial type 1 and 2 cells, we used 
the following antibodies: CD45-APC (BD Biosciences, 
San Jose, CA, USA), CD31-APC (BD Biosciences), Sca1-
APC/Cy7 (BD Biosciences), EpCAM-PE/Cy7 (BioLe-
gend, San Diego, CA, USA), and Pdpn-PE (BioLegend). 
Cell sorting was performed on a FACSAria II (BD Biosci-
ence) installed at the National Center for Inter-university 
Research Facilities (NCIRF) at Seoul National University.

Real‑time PCR
Real-time PCR analyses were performed as previously 
described [19, 25]. The relative mRNA expression was 
quantified using the comparative cycle threshold (CT) 
method, as previously described [26].

Statistical analysis
Data are reported as mean ± SD. The values in the graphs 
reflect the results of multiple replicates in a representa-
tive experiment. Statistical significance was established 
using a two-tailed Student’s t-test or one-way analysis 
of variance (ANOVA) in GraphPad Prism (version 10, 
GraphPad Software, Boston, MA, USA). There were no 
statistical procedures utilized to calculate sample size 
for animal studies. To check that the variances of two 
or more than three experimental groups were equal, an 
F-test and the Brown-Forsythe test were used, respec-
tively. The Shapiro-Wilk test was used to see whether 
the data had a normal distribution. P-values < 0.05 were 
deemed statistically significant.

Results
Chronic exposure to NB results in the development 
of pulmonary emphysema and lung cancer in mice
To investigate whether IGF1R/IR signaling is implicated 
in the associated development of pulmonary emphy-
semas and cancer, we analyzed FVB/N mice that were 
exposed to NB in accordance with the well-established 
protocol for lung cancer development (3 μmol each, 
twice weekly via oral gavage) [27] (Fig. 1A). Up to seven 
months of NB exposure, mice showed time-dependent 
increases in emphysematous phenotypes in the lungs, 
including diminution in lung function (i.e., increase in 
compliance and decrease in tissue elastance) (Fig.  1B). 
Additionally, they also displayed indicators of destruc-
tion of lung parenchyma, including enlarged alveolar air-
space quantified by mean linear intercept (MLI) (Fig. 1C), 
increased MMP activity measured by in situ zymography 
using fluorescein-conjugated DQ gelatin, pulmonary cell 
apoptosis measured by TUNEL assay, and decreased 
Pdpn+ AT1s measured by immunofluorescence stain-
ing (Fig.  1D). It has been believed that emphysema is 
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Fig. 1  The associated development of emphysema and lung cancer by chronic NB exposure. A Schematic diagram of the experimental 
procedure (n ≥ 7/group). B Time-dependent modulation of lung function in NB-treated mice (n = 5/group). C Representative H&E images 
and quantitative analysis of airspace enlargement [mean linear intercept (MLI)] in the lungs of NB-treated mice (n = 6/group). D, E Representative 
immunofluorescence images and quantitative data of MMP activity, apoptosis (TUNEL+ cells), podoplanin (Pdpn)+ type I epithelial cells (AT1s), 
recruitment of inflammatory cells (MPO+ and F4/80+ cells), and ROS generation (DHE+ cells) in the lungs of NB-exposed mice (n = 6‒17/group). 
Data are the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 [two-tailed Student’s t-test (B); one-way ANOVA with Dunnett’s post-hoc test (D, E), 
Kruskal-Wallis test with Dunn’s post-hoc test (D, E)]. Scale bars: 50 μm (C-E)
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driven by oxidative stress and chronic inflammation [28]. 
Indeed, time-dependent increases in dihydroethidium 
(DHE)+ ROS-producing cells, myeloperoxidase (MPO)+ 
polymorphonuclear neutrophils (PMNs), F4/80+ mac-
rophages, CD4+ T cells, and CD8+ T cells were observed 
in the lungs of NB-treated mice (Fig. 1E). Tumor nodules 
were detected in 100% of mice (n = 11) exposed to NB 
for 7 months, and time-dependent increases in the num-
ber of tumors, tumor volume, and tumor burden were 
observed (see Supplementary Fig.  1, Additional file  1). 
These results suggest that chronic inflammation caused 
by sustained exposure to NB results in the  associated 
development of pulmonary emphysema and cancer.

Upregulation of IGF2 in AT2s is associated with NB‑induced 
pulmonary emphysema development
As COPD involves an abnormal repair mechanism 
against lung injury caused by environmental toxicants 
[3], we analyzed the effects of NB exposure on the level 
of AT2s (the SPC+ population) and AT1s (the Hopx1+ 
population), which are cellular components that func-
tion as alveolar stem/progenitor cells for epithelial cell 
regeneration [10]. Immunofluorescence (IF) staining of 
lung sections (Fig. 2A) and associated statistical analysis 
(Fig. 2B) revealed time-dependent increases in AT2s and 
concomitant decreases in AT1s as early as three months 
after NB exposure. Next, we assessed whether IGF2 
expression was implicated in emphysema development in 
NB-exposed mice. We found a time-dependent increase 
in the number of pulmonary AT2s expressing IGF2 after 
NB exposure (Fig.  2C, D). In contrast, IGF2 expression 
in AT1s remained unchanged even after seven months 
of exposure to NB (see Supplementary Fig. 2, Additional 
file  2). Notably, the severity of emphysema assessed by 
MLIs was significantly correlated with the degree of AT2s 
expressing IGF2 (Fig. 2E). Real-time PCR analysis of fluo-
rescence-activated cell sorting (FACS)-purified AT1s and 
AT2s further revealed the transcriptional upregulation of 
IGF2 in AT2s rather than in AT1s in NB-exposed mice 
(Fig. 2F). To determine whether the increased number of 
AT2s was due to enhanced proliferation, we analyzed the 
level of Ki67 positivity (an indicator of cell proliferation 
[29]) in AT2s. Approximately 20% of AT2s were Ki67+ 
after seven months of NB treatment (Fig.  2G), indicat-
ing that AT2 expansion after long-term NB exposure 
resulted from proliferation.

IGF2 is upregulated in AT2s during emphysema 
development caused by prolonged exposure to TS extracts
Animal models of emphysema induced by exposure to TS 
or TSE would more precisely represent the disease shown 
in humans than those in which emphysema is induced 
by NB. Hence, we analyzed the expression levels of IGF 

axis components in lung tissues of mice wherein emphy-
sematous diseases was induced by exposure to TSE for 
one year. Consistent with the observation in mice in 
which severe lung injury caused by chronic exposure to 
NB, mice with TSE-induced emphysematous changes in 
the lung showed upregulated IGF2 expression (Fig. 3A). 
Robustly increased numbers of AT2s, especially IGF2+ 
AT2s, were also observed in mice with TSE-induced 
emphysematous lung lesions (Fig. 3B). These results sug-
gest that prolonged NB exposure induces sustained over-
expression of IGF2 and activation of IGF-1R/IR pathway, 
which in turn causes the development of pulmonary 
emphysema. We found that lung tumor development was 
rare in the TSE-exposed mice, probably due to insuffi-
cient doses of essential TS components, including NNK 
and BaP.

Autonomous IGF2 signaling activation in AT2s leads 
to the development of emphysema
We investigated whether activation of IGF2 signaling in 
AT2s is responsible for NB-induced pathogenesis. To this 
end, we assessed whether deletion of the IGF2 receptor 
in AT2s would attenuate NB-mediated proliferation of 
AT2s alongside emphysematous phenotypes using Sftpc-
CreERT2;Insrfl/fl mice [30]. TM-induced Insr deletion 
in the AT2s of Sftpc-CreERT2;Insrfl/fl mice prior to NB 
exposure (Fig.  4A) significantly decreased the number 
of Ki67+ AT2s and restored the AT1 population in the 
lungs of mice exposed to NB for 5 months (Fig. 4B, C). 
Moreover, NB-induced emphysematous features, includ-
ing enlarged alveolar airspace (i.e., mean chord length 
[24]) (Fig.  4B, D) and diminution of lung function (i.e., 
increase in compliance and decrease in tissue elastance) 
(Fig. 4E), were also significantly attenuated in mice with 
TM-mediated IR deletion. These findings suggest that 
autonomous IGF2-IR signaling activation in NB-exposed 
AT2s leads to the development of emphysema.

Blockade of IGF2 signaling activation by neutralizing 
monoclonal antibody impairs NB‑induced concurrent 
development of emphysema and lung cancer
Next, we assessed the effects of IGF2 deprivation strat-
egies on NB-induced pulmonary emphysema and tumor 
development. To this end, after three-month-exposure 
to NB, neutralizing monoclonal antibody against IGF2 
(αIGF2 mAb) or control IgG (IgG) was administered 
in combination with NB (mimicking current smokers) 
(Fig.  5A). All mice were sacrificed after five months. IF 
analysis of lung tissues and associated statistical analysis 
revealed that αIGF2 mAb treatment significantly attenu-
ated the NB-induced increases in proliferating AT2s and 
decreases in AT1 population in the lungs (Fig.  5B, C). 
Histological analysis of hematoxylin and eosin (H&E) 
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stained lung tissues revealed that alveolar airspace quan-
tified by MLI was markedly normalized by the admin-
istration of αIGF2 mAb (Fig.  5B, D). Mice exposed to 
NB for five months in the presence of αIGF2 mAb also 

showed significant restoration of lung function (i.e., 
increase in compliance and decrease in tissue elastance) 
(Fig.  5E) and decreases in lung tumor multiplicity, vol-
ume, and burden in the NB-exposed mice (Fig. 5F).

Fig. 2  The impact of NB treatment on the level of alveolar epithelial cells, IGF2 expression of type II alveolar epithelial cells, and their proliferation. 
A, B Representative immunofluorescence (IF) images and quantitative analysis of inverse modulation between Hopx+ type I alveolar epithelial cells 
(AT1s) and SPC+ type II alveolar epithelial cells (AT2s) after NB exposure (n = 7‒20/group). C, D Representative IF images and quantitative analysis 
of upregulation of IGF2 in SPC+ AT2s (n = 9/group). E Spearman correlation between the level of IGF2 in SPC+ AT2s and the severity of airspace 
enlargement (n = 24/group). FLeft. Gating strategy for isolating murine AT1s and AT2s. Right. Real-time PCR analysis showing elevated Igf2 
expression in NB-treated AT2s (n = 3/group). F Representative IF images and quantitative analysis showing upregulation of the proliferation of AT2s 
(Ki67+Muc1+ cells) in the lungs after treatment with NB for seven months (n = 17/group). Data are the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 
[one-way ANOVA with Dunnett’s post-hoc test (B, D); two-tailed Student’s t-test (F, G)]. Scale bars: 50 μm (A, C), 20 μm (G)
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To corroborate the severity of lung pathology induced by 
chronic NB exposure, we evaluated whether NB-induced 
emphysema-like tissue destruction and tumor forma-
tion could progress even after NB withdrawal (mimick-
ing ex-smokers). To this end, we assessed the impact of 
two months of withdrawal after three months of repetitive 
NB exposure (Fig. 5G). We observed that the NB-induced 
changes in proliferating AT2s, AT1 population (Fig. 5H, I), 
and MLI (Fig. 5H, J) within the distal lung tissue and lung 
function (Fig.  5K) observed at three months progressed 

even in the absence of NB for two months. Moreover, lung 
tumor formation, measured by multiplicity, volume, and 
burden, markedly increased even 2 months after NB with-
drawal (Fig.  5L). Notably, the progression of the patho-
logic changes due to the 3 months of NB exposure were all 
retarded by the administration with αIGF2 mAb (Fig. 5H-
L). We conducted immunofluorescence staining of the 
lung tissues that had NB exposure for 3 or 5 months and 
those from mice that had 2 months NB cessation after the 
NB exposure for 3 months. We found that the increased 

Fig. 3  Induction of IGF2 expression in AT2s by treatment with TSE. A Representative H&E or immunohistochemistry (IHC) images showing 
airspace enlargement and changes in the expression of IGF1, IGF2, IR, and IGF-1R after treatment with TSE for 12 months. B Representative 
immunofluorescence images and quantitative analyses showing increases in the IGF2 expression in SPC+ AT2s (IGF2+SPC+ cells) by exposure to TSE 
for 12 months (n = 5 or 8/group). Data are the mean ± SD. ***p < 0.001 (two-tailed Student’s t-test). Scale bars: 25 μm (A, H&E images); 100 μm (A, 
IHC images); 50 μm (B); 10 μm (B, insets)
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IGF2 expression in AT2s within the alveolar epithelium 
caused by exposure to NB for 3 months was sustained even 
after NB withdrawal for 2 months (see Supplementary 
Fig. 3, Additional file 3).These results suggest that chronic 
NB exposure leads to sustained IGF2 signaling activation, 
which contributes to the development of COPD and lung 
tumors. Accordingly, IGF2 signaling is a potential target for 
blocking the NB-induced development of pulmonary dis-
eases in both current and ex-smokers.

Administration of a calcium channel blocker rescues from 
NB‑induced development of emphysema and lung cancer
As the blockade of voltage-dependent calcium chan-
nel (VDCC)-mediated Ca2+ influx suppresses NNK-
induced IGF2 exocytosis and IGF-1R activation [25], we 
hypothesized that blockade of IGF2 secretion using clini-
cally available calcium channel blocker (CCB), such as 
amlodipine (Amlo), would prevent the development of 
NB-induced emphysema. We then performed an animal 

Fig. 4  Attenuation of NB-induced emphysematous features by Insr knockout in type II alveolar epithelial cells. A Schematic diagram 
of the experimental procedure. B Representative H&E and immunofluorescence (IF) images of changes in the level of Pdpn+ AT1s and SPC+ 
AT2s, the proliferation of AT2s (Ki67+ in Muc1+ AT2s), and airspace enlargement. C Quantitative analyses of changes in the level of Pdpn+ AT1s 
and the proliferation of AT2s (Ki67+ in Muc1+ AT2s) (n = 11‒17/group). D Quantitative analysis of airspace enlargement (n = 11/group). E Changes 
in lung function (n = 6/group). Data are the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA with Dunnett’s post-hoc test). Scale 
bars: 25 μm (B, H&E images); 50 μm (B, IF images)
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experiment in which mice were administered NB either 
alone or in combination with Amlo, as illustrated in 
Fig.  6A. We observed that Amlo treatment significantly 
suppressed NB-induced IGF-1R/IR activation in AT2s in 
the lungs of NB-exposed mice (Fig. 6B). Additionally, the 
reduction in AT1s (the Pdpn+ population) and hyperpro-
liferation of AT2s were nearly restored to levels similar 
to those observed in vehicle-treated control mice follow-
ing treatment with Amlo (Fig. 6C). Amlo administration 
significantly attenuated NB-induced airspace enlarge-
ment (Fig. 6D) and impaired lung function (Fig. 6E). NB-
induced emphysematous changes, including increases in 
MMP activity, pulmonary cell apoptosis, recruitment of 
MPO+ neutrophils and F4/80+ macrophages, and ROS 
production, were also significantly ameliorated by treat-
ment with Amlo (Fig. 6F). Moreover, consistent with the 
results in our previous study [25], treatment with Amlo 
significantly suppressed NB-induced increases in lung 
tumor multiplicity, tumor volume, and tumor burden 
(Fig.  6G). These results suggest the potential utility of 
CCB intake for the prevention of tobacco-induced pul-
monary emphysema and lung cancer.

CCB intake and risk of COPD
To further investigate whether the regulation of intracel-
lular Ca2+ suppresses TS-induced pulmonary emphysema 
development, we performed a quantitative assessment of 
the cross-sectional association between CCB prescription 
and emphysema diagnosis by analyzing the Korean Health 
Insurance Review and Assessment Service-National Patient 
Sample (HIRA-NPS) database collected between 2012 and 
2014. During the three-year study period, the estimated 
average study population from the HIRA-NPS database was 
~38 million per year (see Supplementary Table 1, Additional 
file 4). Of these, our study population was ~1.38 million per 
year. The mean age of the study population was 46.86 years 
old (SD = 16.91), and 52.25% were female. Prescriptions 
with dihydropyridine and non-dihydropyridine CCB were 

found in 8.52% and 0.80% of patients, respectively, and the 
prevalence of COPD-related diagnoses was 1.37% (see Sup-
plementary Table 1, Additional file 4). When the association 
between COPD-related diagnoses and CCB use was evalu-
ated, our findings showed that sex, age, insurance scheme, 
and the presence of CCB prescriptions were significant pre-
dictors of COPD-related diagnoses (Table 1). Male patients 
were more likely to be associated with COPD-related diag-
nosis (ORadj = 2.25; 95% CI 2.20–2.29) than female patients 
(Table 1). As patient age increased, the likelihood of being 
diagnosed with COPD also increased (Table 1). Beneficiar-
ies of Medicaid (ORadj = 2.09; 95% CI 2.02–2.16) or Vet-
erans Healthcare (ORadj = 2.24; 95% CI 2.10–2.38) were 
more likely to be associated with COPD-related diagnosis 
(Table 1). Patients with a dihydropyridine-CCB prescription 
were less likely to have a COPD-related diagnosis (ORadj = 
0.86; 95% CI 0.84–0.88) (Table  1). These findings indicate 
an inverse association between CCB use and COPD diag-
nosis. In addition, dihydropyridine CCB can be the first 
choice for treatment of patients with both hypertension and 
emphysema.

Discussion
TS has gained extensive attention as a risk factor for both 
COPD and lung cancer [31]. Therefore, identifying key 
pathophysiological mechanisms by which TS compo-
nents induce the two pulmonary diseases and develop-
ing effective strategies targeting the mechanisms would 
be rational approaches for the treatment of the diseases. 
We have previously shown that severe lung injury caused 
by highly frequent exposure to NB (a combination of 
NNK and BaP) through intratracheal instillation induces 
sustained overexpression of IGF2 in AT2s, resulting in 
excessive proliferation without balanced differentiation 
and interfering with the appropriate recovery of the alve-
olar structure [19]. Epigenetic mechanisms involving the 
upregulation of DNA methyltransferase 3A (DNMT3A) 
are attributable to IGF2 overexpression after sustained 

(See figure on next page.)
Fig. 5  Blockade of NB-induced development of emphysema and lung cancer by targeting IGF2. A Schematic diagram of the experimental 
procedure of intratracheal treatment with IGF2 mAb in combination with NB after three-month NB treatment (the current smoker model). B 
Representative H&E and immunofluorescence (IF) images of changes in the level of Pdpn+ AT1s and SPC+ AT2s, the proliferation of AT2s (Ki67+ 
in Muc1+ AT2s), and airspace enlargement. C Quantitative analyses of changes in the level of Pdpn+ AT1s and the proliferation of AT2s (Ki67+ 
in Muc1+ AT2s) (n = 10/group). D Quantitative analysis of airspace destruction (n = 10/group). E Changes in lung function (n = 9/group). F 
Quantitative analyses of tumor formation (n = 6 or 7/group). G Schematic diagram of the experimental procedure of intratracheal two-month 
treatment with IGF2 mAb without NB after a three-month NB treatment (the ex-smoker model). NB-1 indicates the NB group that was euthanized 
and analyzed after three-month NB treatment. NB-2 indicates the NB group that was euthanized and analyzed at the same time as the IGF2 mAb 
treatment group (two- months without NB after three months of NB treatment). H Representative H&E and IF images of changes in the level 
of Pdpn+ AT1s and SPC+ AT2s, the proliferation of AT2s (Ki67+ in Muc1+ AT2s), and airspace enlargement. I Quantitative analyses of changes 
in the level of Pdpn+ AT1s and the proliferation of AT2s (Ki67+ in Muc1+ AT2s) (n = 10/group). J Quantitative analysis of airspace destruction (n = 10/
group). K Changes in lung function (n = 7‒11/group). L Quantitative analyses of tumor formation (n = 6‒11/group). Data are the mean ± SD. *p 
< 0.05; **p < 0.01; ***p < 0.001 [one-way ANOVA with Dunnett’s post-hoc test (C-E, I-K) or Kruskal-Wallis test with Dunn’s post-hoc test (C, F, I, L)]. 
Scale bars: 25 μm (H&E images); 50 μm (IF images)
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NB exposure [19]. In the current study, we employed 
better disease models to adequately characterize the 
pathogenesis of the two pulmonary diseases. Our study 

demonstrated that long-term lung injury in response to 
exposure to TSE or NB for up to a year induced persis-
tent IGF2 overexpression, which in turn, in an autocrine 

Fig. 5  (See legend on previous page.)



Page 12 of 16Boo et al. Inflammation and Regeneration           (2024) 44:31 

manner, induced hyperproliferation of AT2s, causing 
impairment of the normal repair of the lung and progres-
sive development of emphysema and lung cancer (Fig. 7). 
Our findings clearly show that altered IGF2-IR signaling 
in AT2s links TS to the pathogenesis of these two pulmo-
nary diseases.

COPD and cancer are frequent comorbidities mediated 
by lung inflammation primarily caused by TS [6]. Smok-
ers with airflow obstruction are expected to develop up 
to five times more lung cancers than those with normal 
lung function [31, 32], which supports the role of prema-
ture cellular aging, telomere shortening, oxidative stress, 

Fig. 6  Amelioration of N/B-induced development of emphysema and lung cancer by treatment with a calcium channel blocker. A Schematic 
diagram of the experimental procedure. B Representative immunofluorescence (IF) images and quantitative analysis of the level of IGF2 
and pIGF-1R/IR in Muc1+ AT2s (n = 7/group). C Representative IF images and quantitative analysis of the level of Pdpn+ AT1s and SPC+ AT2s (n = 7/
group). D Representative immunofluorescence (IF) images and quantitative analyses of the recruitment of inflammatory cells (MPO+ and F4/80+ 
cells) (n = 7/group). E Changes in lung function (n = 5/group). F Representative H&E images of airspace destruction and representative IF images 
and quantitative analyses of MMP activity, apoptosis (TUNEL+ cells), podoplanin (Pdpn)+ type I epithelial cells (AT1s), and ROS generation (DHE+ 
cells) (n = 7/group). G Quantitative analyses of tumor formation (n = 7/group). Data are the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 [one-way 
ANOVA with Dunnett’s post-hoc test (B-F), Brown-Forsythe and Welch ANOVA test (D, E), or Kruskal-Wallis test with Dunn’s post-hoc test (G)]. Scale 
bars: 25 μm (E, H&E images); 50 μm (B-E, IF images)
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genetic predisposition, altered expression of growth fac-
tors, and activation of intracellular pathways in both 
COPD and lung cancer [33]. In addition to these changes, 
the epigenetic regulation of gene expression through 
DNA methylation, histone modifications, and micro-
RNA expression plays an essential role in the develop-
ment of cancer and COPD [34, 35]. COPD involves the 
abnormal repair of lung injury caused by the inhalation 
of toxic particles and gases [3]. AT2s with SC functions 
can restore the alveolar structure and function after lung 
injury, including TS-induced injury [10]. AT2s are also a 
potential source for cancer development [12]. Therefore, 
alterations in the signaling pathways involved in the SC 
function of AT2s may link COPD and cancer and provide 
possible novel targets for the treatment of the associ-
ated development of COPD and lung cancer. We dem-
onstrated that the induced expression of IGF2 in AT2s 
is essential for their SC function against NB-induced 
alveolar injury [19]. Despite the beneficial role of IGF2 
in lung recovery against NB-induced acute injury, our 
current data using wild-type and conditional IR-knock-
out mouse models showed that prolonged NB expo-
sure induces IGF2 overexpression, which results in the 

hyperproliferation of AT2s, ultimately evoking emphy-
sematous phenotypes. Therefore, the lack of an intricate 
balance of signals that control the proliferation and dif-
ferentiation of AT2s can result in pulmonary diseases, 
particularly emphysema. AT2s are generally regarded as 
alveolar progenitors [36], and epithelial components in 
smokers, particularly in AT2 clusters, are heterogeneous 
[36]. It has been shown that subsets of AT2s play distinct 
roles in maintaining lung alveolar structure and function. 
For example, the CD44high subpopulation of AT2s regu-
lates immune signaling pathways, and disruption of these 
pathways impaired the SC function of AT2s [37]. In addi-
tion, a subset of AT2s (IFN-γ-responsive CD66+ AT2s) 
displays stem-cell-like characteristics, and the level of 
this population was found to be decreased in COPD 
lungs [38]. IFN-γ was found to increase apoptosis and 
decrease Ki67 positivity in alveolospheres [39]. There-
fore, IFN-γ-responsive SPC+ AT2s could be a subset that 
was decreased in response to IFN-γ in the pulmonary 
environment in patients with COPD. In contrast, IGF2 
signaling is mitogenic and plays an important role in cell 
survival [40]. Therefore, external harmful stimuli, such as 
tobacco smoking, could increase IGF2+ AT2s due to their 
resistance to cell death and their role in lung regenera-
tion and repair. In line with our findings, SPC-expressing 
AT2s undergo proliferation and differentiation during 
bacterial pneumonia along with Hippo pathway activa-
tion, which may contribute to the newly formed alveo-
lar epithelium [41]. In this study, mice lacking Hippo 
signaling components in AT2s cells showed prolonged 
pulmonary inflammation and delayed alveolar epithelial 
regeneration during bacterial pneumonia. Therefore, it is 
likely that AT2s appear to be basically heterogeneous and 
exhibit various phenotypes and functions depending on 
the types of stimuli or surrounding circumstances. Addi-
tional studies are required to characterize the specific 
AT2 subpopulations at single-cell-based levels.

AT2-specific overexpression of IGF2 and IGF-1R/IR 
signaling activation was also observed in emphysema and 
tumor lesions of the lungs in patients with a history of TS 
[19, 42]. Therefore, our findings of NB-mediated pathobi-
ology in a mouse model can be extrapolated to humans, 
particularly to the associated development of pulmo-
nary emphysema and cancer in smokers [7, 43]. Notably, 
the pulmonary pathogenesis due to current or prior NB 
exposure progressed even after the cessation of NB expo-
sure but was prevented in mice by an anti-IGF2 neutral-
izing antibody. These results suggest that the capacity for 
indefinite proliferation through dysregulation of IGF2 
signaling predisposes individuals to emphysema and lung 
cancer. This concept may also explain why most patients 
with moderate COPD or tumors progress to severe dis-
ease even after absolute TS cessation [44]. In this setting, 

Table 1  Predictive factors associated with COPD and 
emphysema diagnosis of the study population of NPS 2012-2014

* p < 0.05

Factors ORadj (95% CI)*

Gender
  Female Reference

  Male 2.246 (2.201-2.293)

Age (years old)
  19 - 34 Reference

  35 – 49 2.260 (2.115-2.416)

  50 – 64 8.276 (7.791-8.791)

  65 - 79 27.412 (25.794-29.132)

  80 and older 46.777 (43.854-49.896)

Public insurance scheme
  Health Insurance Reference

  Medicaid 2.086 (2.020-2.155)

  Veteran Healthcare 2.237 (2.101-2.382)

Hypertension
  Yes Reference

  No 0.786 (0.767-0.806)

Angina Pectoris
  Yes Reference

  No 0.465 (0.453-0.477)

Calcium channel blockers (CCB) type
  No CCB Reference

  Dihydropyridine CCB 0.861 (0.837-0.884)

  Non-dihydropyridine CCB 1.128 (1.069-1.190)



Page 14 of 16Boo et al. Inflammation and Regeneration           (2024) 44:31 

clinically available strategies that allow careful control 
of IGF2 expression within the normal range in the AT2 
SC pool may be critical for preventing the pathogenesis 
of the two TS-induced pulmonary diseases. Based on 
our previous findings, including 1) NNK-induced exocy-
tosis of IGF2 via VDCC-intervened Ca2+ influx [25, 42]; 
2) the efficacy of antagonizing Ca2+ signaling in prevent-
ing NB-induced lung tumor formation in  vivo [19], and 
3) reduced lung cancer diagnosis via clinically available 
CCB medication, we hypothesized that chronic NB expo-
sure induces excessive IGF2 signaling in AT2s through 
at least two independent but comparable mechanisms. 
Accordingly, the suppression of Ca2+ influx via CCB may 
offer new opportunities to prevent both emphysema and 
lung cancer. Indeed, administration of CCB effectively 
suppressed NB-induced emphysema development in 
mice. Finally, a cross-sectional evaluation of insurance 
claims data in Korea showed that prescription of CCB 
was less likely to be associated with COPD after control-
ling for age, sex, and insurance scheme among patients 
with hypertension-associated disorders or angina-related 

diseases. Big data, such as HIRA-NPS, may allow cross-
sectional evaluations to identify associations between 
drug exposure and clinical outcomes. As the majority of 
Koreans are enrolled in this national health insurance 
system, the generalization of the findings from such eval-
uations could also be easily applied to the overall Korean 
population compared to other healthcare systems.

Conclusions
We demonstrated that chronic inflammation in the lungs 
induced by NB exposure shunts AT2 proliferation from 
a resource for alveolar barrier regeneration to a com-
mon origin of emphysema and tumor development 
through sustained activation of IGF2 signaling. Given 
that 15–20% of emphysema and lung cancers worldwide 
are TS-related [45], NB activation of the IGF2-IGF-1R/
IR signaling pathway may help us understand the patho-
genesis underlying the development of these two deadly 
diseases in smokers. Additionally, our results highlight 
the use of specifically targeted therapies that control the 
bioavailability of IGF2 as a potential preventive strategy 

Fig. 7  Illustration of the summary of the results. Chronic NB treatment induces persistent upregulation of IGF2 expression through NNK/β-AR, NNK/
nAchR, and BaP/AhR-mediated signal transduction cascades and facilitates IGF2 exocytosis through nAChR-mediated membrane depolarization 
and subsequent VDCC-mediated Ca2+ influx. The consequent overactivation of IGF-1R/IR signaling results in the disruption of the stem cell function 
of AT2s, causing poor recovery of lung architecture against NB-mediated injury and the transformation of normal lung epithelial cells into malignant 
cells. These overall events ultimately lead to the concurrent development of emphysema and lung cancer. Abrogation of IGF2 availability 
by using IGF2-specific neutralizing mAbs or blocking VDCC-mediated Ca2+ influx by using CCB alleviates NB-mediated associated development 
of emphysema or lung cancer
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to reduce the risk of emphysema and cancer. Considering 
that CCBs, which have been used as a therapeutic strat-
egy for the treatment of hypertension [46], are clinically 
available, our findings have significant clinical implica-
tions for controlling the two deadly pulmonary diseases 
in current smokers and ex-smokers. While the exact 
mechanism(s) underlying the associated development of 
lung cancer and COPD are currently unknown, our data 
shed new light on the emerging concept that diseases are 
closely linked to IGF2-mediated signaling in AT2s. Addi-
tionally, repositioning calcium signaling-blocking drugs 
such as CCBs is a novel strategy for targeting IGF2 signal-
ing to prevent both emphysema and lung cancer without 
the potential deleterious effects of metabolic disorders.
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