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Abstract 

Older age is a risk factor for developing chronic obstructive pulmonary disease 

(COPD). Cigarette smoking (CS) can accelerate lung ageing and result in COPD. 

Prenatal smoke exposure (PSE) may synergize with offspring CS to increase the risk 

of COPD. Insulin/insulin growth factor-1 (IGF1) signaling is one of the key pathways 

linked to development, as well as the regulation of ageing. However, studies on the 

role of IGF1 in CS-induced lung ageing and COPD pathogenesis, and PSE-

accelerating aspects of ageing and COPD in smokers are limited. In our smoking 

mouse model, we 1) investigated the postnatal CS effects on hallmarks of ageing 

and pathological features of COPD, and 2) investigated whether this was associated 

with the IGF1 signaling pathway. In addition, we were interested whether 3) PSE 

added to the postnatal CS effect. Our data show that CS reduced the expression of 

the anti-ageing molecules SIRT1 and FOXO3, whereas in contrast to what we 

expected, CS also reduced the mRNA expression of the cell senescence markers 

p53, p21 and it induced cell proliferation, i.e. Ki67. Additionally, CS induced airway 

basal cell gene expression in offspring from non-smoking mothers and increased the 

number of NKX2.1 positive cells in the parenchymal tissue, with no additional effect 

of PSE. With respect to remodeling, CS induced SMA thickening around the airways, 

irrespective of PSE, whereas PSE alone reduced collagen III deposition around 

blood vessels. PSE alone downregulated collagen IV and Tgfb mRNA expression. 

Furthermore, CS induced Igf1 mRNA and IGF1 positive cells, while most positive 

and negative correlations of IGF1 with basal cell markers and AECII cell populations 

were found in PSE group. Our findings suggest that by reducing the anti-ageing 

molecules, CS may accelerate/predispose to lung aging, possibly via the IGF 

pathway although results on senescence markers show a conflicting pattern. In 

general, CS-induced alterations were only modestly affected by prenatal smoke 

exposure.  
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Introduction 

Ageing is a normal, but complex and heterogenetic process which occurs in all 

organs/tissues of different organisms [1]. Hallmarks of ageing include genetic 

instability, epigenetic alterations, dysregulated nutrient sensing, cellular senescence 

and stem cell exhaustion [2]. In addition, ageing is a main risk factor for several 

chronic lung diseases, including chronic obstructive pulmonary disease (COPD) and 

various lung cancers [3]. It is well known that the prevalence of COPD among the 

elderly is particularly high. Age-related alterations, such as increased oxidative 

stress, an increase in cellular senescence, activation of the phosphatidylinositol-3-

kinase (PI3K)/mammalian target of rapamycin (mTOR) signaling pathway, stem cell 

exhaustion, dysregulation of the extracellular matrix (ECM) and a reduction in 

endogenous anti-ageing molecules are observed as being abnormal in patients with 

COPD [4-9]. Furthermore, cigarette smoking (CS), the main risk factor of COPD, has 

been shown to induce features of lung ageing as well, contributing to COPD [10-12]. 

Although COPD patients in general start to report symptoms at older age, its original 

development could be initiated already in early life [13,14]. Several studies reported 

that prenatal smoke exposure (PSE) could synergize with offspring CS to increase 

the risk of COPD [15,16]. Epigenetic alterations, such as DNA methylation and 

histone modifications are very important in the regulation of early-life programming 

and the CS-induced changes of DNA methylation, as well as the observed histone 

modifications via sirtuins and histone deacetylases have been associated with an 

increased risk for developing COPD [1]. Generally, the pathology of CS-induced 

COPD is characterized by chronic airway inflammation, airway remodeling, and 

emphysematous lung tissue destruction [17]. Important age-related alterations such 

as increased cellular senescence and exhaustion of endogenous stem and 

progenitor cells of the lungs are proposed as important contributors to these 

pathological features [18].  

Insulin/insulin growth factor-1 (IGF1) signaling is one of the key pathways that 

activate the PI3K/phospho-AKT/mTOR signaling pathway, which is involved in 
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ageing [9]. However, although few studies suggest that IGF1 contributes to CS-

induced lung ageing and COPD pathogenesis [19,20], it is not clear how and whether 

PSE accelerates certain aspects of ageing and COPD in smokers. In this study, we 

investigated 1) the effects of postnatal CS exposure on the hallmarks of lung ageing 

and pathological features of COPD; 2) whether CS-induced features of ageing and 

COPD were associated with the IGF1 signaling pathway; and 3) whether prenatal 

smoke exposure added to the postnatal CS effects on aging and COPD. Parameters 

of ageing and COPD include presence of endogenous anti-ageing molecules 

(Sirtuin1 (SIRT1) and transcription factor of antioxidant, forkhead box O3 (FOXO3)), 

cellular senescence (p53 (tumor suppressor protein), p21 (Cyclin A-cyclin dependent 

kinase inhibitor)), cell proliferation (Ki67), apoptosis (cleaved Caspase 3), markers 

of the senescence-associated secretory phenotype (SASP) including 

proinflammatory cytokines IL1β, IL6 and TNFα, stem cell exhaustion (presence of 

progenitor/stem cells, such as basal cells (cytokeratin 5 (KRT5) and transformation 

related protein P63 (Trp63) ) and alveolar epithelial type II (AECII) cells (Sftpa1, 

Sftpb, Sftpc, Sftpd and NKX2.1), and alterations of ECM (SMA and collagen III 

deposition, collagen III and IV). The above hallmarks of ageing are introduced shortly 

below. 

 

Sirtuin1 (SIRT1) 

Endogenous anti-ageing molecule, SIRT1 and FOXO3 are important in negatively 

regulating the mTOR/ageing pathway. Activation of this pathway is known to 

accelerate the ageing process [21].  

 

Cellular senescence 

Cellular senescence is a state of irreversible growth arrest resulting from various 

cellular stresses, which is known to contribute to ageing and ageing-related diseases 

[22]. It is reported that p21 plays a crucial role in the induction of p53-dependent 

senescence [23]. Cleavage of caspase-3 is generally considered a universal marker 
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of apoptosis and the Ki67 protein is a cellular marker for proliferation [24,25]. Another 

important characteristic of senescent cells is the SASP, which includes various pro-

inflammatory cytokines, such as IL1β, IL6, and TNFα. This can induce changes in 

the surrounding tissue that will eventually negatively impact on the whole organism 

[26]. 

 

Stem cell exhaustion 

Age-related changes in cell growth and maintenance of stem cells could add to stem 

cell exhaustion, which can contribute to an overall impaired regenerative capacity of 

the organism [27]. Airway basal cells are progenitor cells with the potential for self-

renewal and differentiation into ciliated, club and goblet cells, whereas AECII cells 

are stem cells and capable of self-renewal and differentiation into alveolar type I cells 

after injury in the distal lung [28].  

 

Alteration of the extracellular matrix 

Alpha smooth muscle actin (SMA), collagen III and collagen IV are all part of the 

extracellular matrix (ECM), and can be detected mostly around the vessels and 

airways. Collagen IV is present in the basement membrane and is abundantly found 

in lung fibrosis. Transforming growth factor-beta (TGF-β) plays a pivotal role in 

inducing the production of the ECM components by fibroblasts [29]. Dysregulation of 

the ECM is an additional extrinsic driving factor of ageing [30]. 

 

In addition, as a parameter of COPD, the presence of inflammatory cells was also 

investigated in this mouse model. Cigarette smoking is shown to increase numbers 

of neutrophils and macrophages, which are also observed in the lungs of patients 

with COPD [31, 32]. Furthermore, higher numbers of M1 macrophages were found 

in the small airway walls and M2 macrophages were found in the bronchoalveolar 

lavage fluid in both smokers and COPD patients [33]. Elevation of circulating 

eosinophils in COPD was recently reported by several studies [34,35]. 
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Material and Methods 

Mice and cigarette smoke exposure protocols  

Female and male C57BL/6J mice were obtained from Harlan (Horst, The 

Netherlands) at 8-10 weeks of age, housed under standard conditions with food and 

water provided ad libitum, with a 12-hour light/dark cycle. The experimental setup 

was approved by the Institutional Animal Care and Use Committee of the University 

of Groningen (DEC6589 B & C, Groningen, The Netherlands) and under strict 

governmental and international guidelines on animal experimentation. 

Mainstream cigarette smoke was produced by TE-10 smoke exposure system of 

Teague Enterprises Smoke Exposure System (Woodland, California, USA). In this 

system, Kentucky 2R4F research-reference filtered cigarettes (The Tobacco 

Research Institute, University of Kentucky, Lexington, Kentucky) were used. A total 

of 22 female mice were exposed to fresh air, while the other 26 female mice were 

exposed to cigarette smoke in two separate sessions. Cigarette smoke exposure 

was input using10 cigarettes and maintained for 50 minutes with a 3 hours interval 

between both exposures per day per session. All mice were exposed to cigarette 

smoke from 7 days before mating until the day of delivery. The adaption protocol to 

smoke exposure included 3 cigarettes/session the first day, 5 cigarettes/session the 

second day, 7 cigarettes/session the third day, 10 cigarettes/session the fourth day 

and thereafter. 10 cigarettes smoking per session contained at least 200 mg/m3 of 

total particulate matters and 250 PPM of CO (max). For purposes of experimental 

design, female mice were injected with 5 IU pregnant mare's serum gonadotrophin 

and 5 IU human chorionic gonadotrophin to induce simultaneous cycling. After that, 

females were housed one versus one with males for 5 consecutive nights to get 

pregnancy, whereas males were not exposed to cigarette smoke. Mating was 

confirmed by the presence of vaginal plug the following morning. Smoke exposure 

stayed constant during the whole pregnancy, while there was no smoke exposure to 

the mothers or offspring during weaning. Until 8 weeks of age, the offspring (46 from 

air-exposed mothers, 25 from smoke-exposed mothers) were exposed to air (16 
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males and 18 females were selected) or smoke (19 males and 18 females were 

selected) for the following 12 weeks, 5 days a week, and ultimately, they were 

euthanized for collection of both lungs. The left lung was partly used for RNA and 

DNA isolation, ELISA and the rest was immediately frozen in liquid nitrogen and 

stored at -80 oC until further use. From the right lung, three fourth of the right lobes 

were immediately frozen and stored at -80 oC, whereas the smallest lobe lung was 

fixed in 4% paraformaldehyde and embedded in paraffin for immunohistochemical 

analyses. For this study, results from male offspring only are shown. 

Isolation of RNA 

Total RNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Cat No. 

80204), according to the manufacturer’s protocol. 

mRNA expression analysis 

cDNA was reversely transcripted by a Superscript II Reverse Transcriptase Kit. 

Quantitative Real Time PCR (qRT-PCR) analysis for mRNA levels of Igf1 

(Mm00439560_m1), Sirt1 (Mm00490758_m1), Foxo3 (Mm01185722_m1), p53 

(Mm01731290_g1), p21 (Mm04205640_g1), Il1b (Mm00434228_m1), Il6 

(Mm00446190_m1), Tnfa (Mm00443258_m1) and Tgfb (Mm01298616_m1), Krt5 

(basal cell, Mm01305291_g1), Trp63 (basal cell, Mm00495793_m1), Sftpa1 

(pulmonary-associated surfactant protein A1, AEC II cell, Mm00499170_m1), Sftpb 

(pulmonary-associated surfactant protein B, AEC II cell, Mm00455678_m1), Sftpc 

(pulmonary-associated surfactant protein C, AEC II cell, Mm00488144_m1), Sftpd 

(pulmonary-associated surfactant protein D, AEC II cell, Mm00486060_m1), 

Collagen III (Mm00802300_m1) and Collagen IV (Mm01210125_m1) were 

performed using TaqMan® Gene Expression Assays (Thermo Fisher Scientific, 

Carlshad, USA) and normalized to housekeeping gene Gapdh (Applied Biosystems, 

Mm99999915_g1). PCR reactions were performed in triplicate in a volume of 10 μL 

consisting of 2 μL of MilliQ water, 5 μL LightCycler® 480 Probes Master (Roche, 

Switzerland), 0.5 μL assay mix and 2.5 μL cDNA. Runs were performed by a 



Chapter 3 

72 

 

LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland). Data were 

analyzed with LightCycler® 480 SW 1.5 software (Roche) and the Fitpoints method. 

Relative gene expression was calculated using 2-ΔCt method. 

Immunohistochemistry (IHC) 

Sections (3 µm) of formalin-fixed and paraffin-embedded lung tissue were stained 

for alpha smooth muscle (SMA, monoclonal mouse anti-α-smooth muscle actin 

antibody, Progen Biotechnik, Heidelberg, Germany) and collagen III (polyclonal goat 

anti-type-III collagen antibody, SBA, Birmingham, AL, USA). Presence of SMA 

adjacent to the airway epithelium and collagen III adjacent to the vessels were 

quantified and expressed as mm2 (surface of positively stained tissue) per mm 

airway or vessel in the whole lung section by morphometric analysis.  

SIRT1 and IGF1 positive cells were determined after staining formalin-fixed and 

paraffin-embedded lung sections with a polyclonal rabbit anti-mouse SIRT1 (H-300, 

sc-15404, Santa Cruz) and Anti-IGF1 antibody (ab40657, Abcam). Alveolar epithelial 

type II cells were stained by rabbit anti mouse TTF1 (thyroid transcription factor 1, 

NKX2.1, NB100-80062, Novus Biological). Proliferation of AEC II cells were 

determined by double staining for Ki67 (652402, Biolegend) and NKX2.1. SIRT1 

positive cell and Ki67/NKX2.1 double positive cell were counted at × 20 

magnification and numbers were corrected for the whole area of lung tissue section; 

IGF1 positive cells and NKX2.1 positive cells were calculating the percentage of the 

strong positive pixels in the whole lung section (volume percentage).  

Double staining of MAC3 (macrophages, monoclonal rat anti-MAC3, BD 

Biosciences) and IRF5 (rabbit α-IRF5, ProteinTech Europe, Manchester UK), MAC3 

and YM1 (Polyclonal goat anti-mouse eosinophil chemotactic factor (ECF-L), R&D 

Systems), as well as MAC3 and IL10 (HP9016, Hycult Biotech) were used to assess 

histological phenotypes of different kinds of macrophages. To visualize MAC3, an 

immune alkaline phosphatase procedure was used with Fast Blue BB salt (Sigma 

Aldrich, Zwijndrecht, The Netherlands). IRF5 was visualized with ImmPACT 

NovaRED kit (Vector, Burlingame, CA, USA). YM1 was visualized with 3-amino-9-
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ethylcarbazole (Sigma Aldric). The numbers of MAC3-positive /IRF5-positive and 

MAC3-positive/YM1-positive cells were counted manually in parenchymal lung 

tissue at ×20 magnification, and these numbers were corrected for the total area of 

lung tissue section. Eosinophils were determined by staining 4-μm cryosections of 

lung tissue for cyanide resistant endogenous peroxidase activity with 

diaminobenzidine (Sigma Aldrich). The number of eosinophils (4 random 

microscopic fields per lung section) was counted manually in a blinded manner, at 

×8 magnification and averaged. Neutrophils (glutathione-disulfide reductase (GR1), 

monoclonal rat anti GR1 antibody (BD Biosciences) were counted manually in a 

blinded manner at ×20 magnification and numbers were corrected for the area that 

was counted (6 fields per section). 

All assessment of the above morphometric analysis was used Aperio ImageScope 

viewing software 11.2.0.780 (Aperio). 

ELISA  

IGF1 protein level in lung homogenates of adult offspring was determined by 

Mouse IGF1 ELISA Kit (MG100, R&D systems), according to the manufacturer’s 

instruction. 

Statistical analysis 

Raw data, or data transformed by appropriate log10 or 1/x from qRT-PCR and IHC 

are expressed as the median and two-sided Mann-Whitney U-tests were used for 

comparisons between subgroups. The interaction effect of PSE and offspring CS 

was tested by a multiple linear regression. When there was no interaction effect, the 

effect of PSE (indicated as “Prenatal smoke effect”, if significant) and the effect of 

offspring CS (indicated as “Postnatal smoke effect”, if significant) were explored 

separately with linear regression analysis. Correlation analysis between parameters 

was tested by Spearman nonparametric correlation and Bonferroni correction was 

used for multiple correlations. Statistical figures were generated from Prism v5.0 

(GraphPad software, San Diego, CA, USA). Statistical significance was set as P ≤ 
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0.05 for a two-tailed test. Statistical analyses were performed using IBM® SPSS® 

version 22 for Windows (Chicago, IL, USA).  

 

Results 

Postnatal smoking (CS) downregulated Sirtuin1 positive cells in lung tissue, 

no additional effect of PSE 

Figure 1 shows that CS-exposed offspring had lower numbers of SIRT1 positive 

cells (Fig. 1A, postnatal smoke effect p = 0.012), which was most pronounced in air-

exposed mothers (Fig. 1A. p = 0.006). There was a trend for less SIRT1 positive 

cells in lung tissues of prenatally exposed offspring (Fig. 1A, p = 0.053), but PSE did 

not further add to the postnatal CS effect. CS did not change Sirt 1 and Foxo3 mRNA 

expression, whereas PSE resulted in lower mRNA expression of Sirt1 (trend Fig. 1C, 

p = 0.052) and Foxo3 (Fig. 1D, p = 0.032). Expression of Sirt1 was strongly 

correlated with expression of Foxo3 (Fig. 1E, r = 0.758, p ˂ 0.0001), which supports 

a PSE-induced negative regulation in SIRT1-FOXO3 axis in lungs of offspring. 
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Figure 1. Postnatal smoking (CS) downregulated (anti-ageing) Sirtuin1 positive cells 

and PSE induced downregulation of SIRT1-FOXO3 in lung tissues of adult offspring. 

Mann-Whitney U-test was used for the comparisons between different air- and smoke-

exposed subgroups. NSM: air-exposed mother, SM: Smoke-exposed mother. The “Postnatal 

smoke effect” was obtained from a linear regression analysis and indicates a difference 

between both Air-exposed groups versus both Smoke-exposed groups. The “Prenatal smoke 

effect” was obtained from a linear regression analysis and indicates a difference between both 

NSM-exposed groups versus both SM groups. Data are presented as individual data points 

with the median as horizontal line (A, C-D) and E shows the correlation plot between Sirt1 

expression and Foxo3 expression. B shows the IHC staining of SIRT1 (Red arrows point to 

the representative positive cells). Spearman nonparametric correlation test was used for the 

correlation analysis.  

CS results in lower cellular senescence and higher cellular proliferation in 

lung tissue 

In our mouse model, CS resulted in lower p53 and p21 expression (Fig. 2A, p = 

0.020; Fig. 2B, p = 0.019). For p53, this effect was most prominent for mice with air-

exposed mothers (Fig. 2A, p = 0.05). PSE resulted in lower levels of p53 expression 

(Fig. 2A, p = 0.005), but not p21, and there were no additional effects of PSE on the 

expression of both genes. Further, CS resulted in higher numbers of Ki67 positive 

cells (Fig. 2C, 2H, p = 0.015), which was most prominent in offspring from air-

exposed mothers (Fig. 2C, p = 0.029), with no additional effect of PSE. Finally, there 

were no effects of CS or PSE on cleaved caspase 3 positive cells in lung tissue (Fig. 

2D, 2G). 

In addition, CS resulted in lower Il6 expression (Fig 2F, p = 0.031), with no PSE 

effect, whereas PSE resulted in lower Tnfa expression in lung tissues of adult 

offspring (Fig 2I, p = 0.030). There were no smoke effects on Il1b expression. 
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Figure 2. CS downregulated cellular senescence and promoted cellular proliferation in 

lung tissues of adult offspring. Mann-Whitney U-test was used for the comparisons 

between different air- and smoke-exposed subgroups. NSM: air-exposed mother, SM: Smoke-

exposed mother. The “Postnatal smoke effect” was obtained from a linear regression analysis 

and indicates a difference between both Air-exposed groups versus both Smoke-exposed 

groups. The “Prenatal smoke effect” was obtained from a linear regression analysis and 

indicates a difference between both NSM-exposed groups versus both SM groups. Data are 

presented as individual data points with the median as horizontal line (A-F, I). Figure G and H 

represented the IHC staining of cleaved Caspase 3 and Ki67 (red arrows pointed to the 

representative positive cells). 

CS-induced effects on airway basal cells are different in offspring from smoke-

exposed mothers 
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Figure 3A and 3B show the mRNA expression of the basal cell gene markers, Krt5 

and Trp63 between pre- and postnatal smoke exposed groups and controls. For Krt5, 

we found a negative interaction between the effect of CS exposure and PSE 

exposure (Fig. 3A, p = 0.031), which can be explained by the fact the CS resulted in 

higher Krt5 levels in offspring from non-exposed mothers (Fig. 3A, p = 0.010), while 

CS had no effect in offspring with smoke-exposed mothers as Krt5 levels were 

already high in these PSE exposed mice (Fig. 3A). For P63, there was no overall 

effect of CS exposure, albeit that CS exposure resulted in higher Trp63 levels in air-

exposed offspring, whereas it had no effect in smoke-exposed offspring (Fig. 3B), a 

pattern similar to Krt5. As for the AECII cell markers, no CS or PSE effect was found 

for Sftp genes (Figure 3C-3F), whereas CS resulted in higher numbers of Nkx2.1 

positive cells in the parenchymal tissue, without an additional effect of PSE (Fig. 3G, 

p = 0.019). This increase in Nkx2.1 positive cells was not due to an increase in cell 

proliferation (Fig. 3I). 
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Figure 3. CS-induced effects on airway basal cells and alveolar epithelial cells in lung 

tissues of adult offspring. Mann-Whitney U-test was used for the comparisons between 

different air- and smoke-exposed subgroups. NSM: air-exposed mother, SM: Smoke-exposed 

mother. The “Postnatal smoke effect” was obtained from a linear regression analysis and 

indicates a difference between both Air-exposed groups versus both Smoke-exposed groups. 

The “Prenatal smoke effect” was obtained from a linear regression analysis and indicates a 

difference between both NSM-exposed groups versus both SM groups. Data are presented 

as individual data points with the median as horizontal line (A-G, I). Figure H, J represented 

the IHC staining of NKX2.1 and double staining of Ki67 and NKX2.1 (red arrows pointed to 

the representative positive cells).  

Offspring CS and PSE effects on lung extracellular matrix (ECM) dysregulation 

in adult offspring 
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CS resulted in more SMA deposition, which was most pronounced in offspring 

from smoke-exposed mothers (Fig 4A, p = 0.022; p = 0.032), while PSE resulted in 

lower deposition and thus no additional effect (Fig 4A, 4B, p = 0.031). CS had no 

effect on collagen III deposition, whereas PSE resulted in lower deposition (Fig. 4C, 

4D, p = 0.016), especially in air-exposed offspring (Fig. 4C, p = 0.014). There were 

no overall CS or PSE effects on Collagen III and Collagen IV mRNA expression (Fig. 

4E, 4F). In addition, both offspring CS and PSE in mice with air-exposed mothers 

induced a lower expression of Collagen IV in Fig. 4F (p = 0.042; p = 0.053). Finally, 

we found a PSE-induced downregulation of Tgfb mRNA expression (Fig. 4G, p = 

0.002), irrespective of CS. 

 

Figure 4. Offspring CS and PSE effects on airway remodeling involved in regulation of 

the extracellular matrix in lung tissues of adult offspring. Mann-Whitney U-test was used 

for the comparisons between different air- and smoke-exposed subgroups. NSM: air-exposed 

mother, SM: Smoke-exposed mother. The “Postnatal smoke effect” was obtained from a linear 

regression analysis and indicates a difference between both Air-exposed groups versus both 

Smoke-exposed groups. The “Prenatal smoke effect” was obtained from a linear regression 

analysis and indicates a difference between both NSM-exposed groups versus both SM 

groups. Data are presented as individual data points with the median as horizontal line (A, C 

and E-G). Figure B, D represented the IHC staining of smooth muscle and Collagen III (red 

arrows pointed to the representative positive cells). 
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CS induces IGF1 signaling in the lung and this is associated with lung ageing 

The classic ageing pathway involves the activation of PI3K/phospho-AKT/mTOR 

by growth factor signaling such as IGF1. We investigated the levels of Igf1 mRNA 

and IGF1 protein, as well as the numbers of IGF1 positive cells in adult lung. Fig. 5A 

shows that CS resulted in higher Igf1 mRNA expression (p = 0.002), which was most 

prominent in the offspring of air-exposed mothers (p = 0.008). There was no 

additional effect of PSE. Similarly, CS resulted in more IGF1 positive cells (Fig. 5B, 

5D, p = 0.022), which was most prominent in the offspring of air-exposed mothers 

(Fig. 5B, p = 0.038). Both CS and PSE had no effects on IGF1 protein expression in 

lungs of adult offspring (Fig. 5C).  

 

Figure 5. CS-induced higher expressions of IGF1 in lung tissues of adult offspring. 

Mann-Whitney U-test was used for the comparisons between different air- and smoke-

exposed subgroups. NSM: air-exposed mother, SM: Smoke-exposed mother. The “Postnatal 
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smoke effect” was obtained from a linear regression analysis and indicates a difference 

between both Air-exposed groups versus both Smoke-exposed groups. Data are presented 

as individual data points with the median as horizontal line (A-C). Figure D represented the 

IHC staining of IGF1 (red arrows pointed to the representative positive cells). 

As we observed the smoke-induced alterations of IGF1 and its known interaction 

with aging pathways, we further sought to investigate its association with the 

observed changes in aging markers in our mouse model. Interestingly, PSE seemed 

to abolish the observed positive correlations between Igf1 mRNA expression and 

Krt5 mRNA expression in the offspring CS group (Table 1, r = 0.741, p = 0.002), 

whereas offspring CS diminished the observed positive correlation between Igf1 

mRNA expression and Krt5 mRNA expression in the PSE groups (r = 0.839, p < 

0.001). For P63, Igf1 mRNA expression positively correlated with Trp63 mRNA 

expression in offspring CS-exposed groups, irrespective of PSE (Table 1, r = 0.733, 

p = 0.002; r = 0.757, p ˂ 0.001), and in the prenatal air-exposed group (Table 1, r = 

0.761, p ˂ 0.001), which was not seen in the PSE group. In addition, offspring CS 

induced negative correlations of IGF1 positive cells with NKX2.1 positive cells in 

parenchyma (Table 1, r = -0.625, p = 0.004). Furthermore, offspring CS changed the 

relationship between IGF1 positive cells and NKX2.1 positive cells in parenchyma 

from positive correlation to negative correlation in offspring with air-exposed mothers 

(Table 1, r = 0.821, p = 0.023; r = -0.615, p = 0.033). However, there were no offspring 

CS or PSE on correlations between Igf1 expression and expression of AECII cell 

gene markers in lungs of adult offspring after Bonferroni correction (Table 1).  

 

 

Table 1. Spearman correlation analysis between Igf1 expression and markers of basal cells 

and AECII cells in lungs of adult offspring.  

Igf1 Mother Air Air Smoke Smoke Prenatal  Postnatal  

(2-ΔCT) Offspring Air Smoke Air Smoke air smoke air smoke 

Krt5  r 0.661 0.787 0.812 0.429 0.839 0.096 0.741 0.613 

(2-ΔCT) p ns 0.007 ns ns 0.000 ns 0.002 ns 
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Trp63  r 0.483 0.721 0.928 0.536 0.761 0.457 0.733 0.757 

(2-ΔCT) p ns ns ns ns 0.000 ns 0.002 0.000 

Sftpa1 r -0.586 -0.479 -0.812 -0.571 -0.193 -0.578 -0.523 -0.500 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

Sftpb r 0.217 -0.299 -0.812 -0.321 -0.084 -0.561 -0.431 -0.400 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

Sftpc  r -0.733 -0.758 -0.029 -0.357 -0.159 -0.033 -0.299 -0.606 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

Sftpd  r 0.083 -0.491 -0.029 -0.464 -0.095 -0.135 -0.038 -0.419 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

IGF1+ Mother Air Air Smoke Smoke Prenatal  Postnatal  

cells Offspring Air Smoke Air Smoke air smoke air smoke 

Nkx2.1+  r 0.821 -0.615 -0.600 -0.750 0.125 -0.252 0.203 -0.625 

cells p 0.023 0.033 ns 0.052 ns ns ns 0.004 

“Prenatal exposure” refers to the prenatal exposure of offspring from air-exposed or smoke-

exposed mothers during pregnancy; “Postnatal exposure” refers to air or smoke exposure of 

offspring for 12 weeks, starting at 8 weeks of age. Significant cutoff of p values was used 

0.05/7 =0.007 after Bonferroni’s correction in multiple correlation analysis between mRNA 

expressions of Igf1 and basal cell, AECII cell gene markers. 

CS exposure changes macrophage subsets in adult offspring 

Finally, we investigated the inflammatory profile in CS- and PSE-exposed adult 

mice. There was no overall effect of CS on IRF5 positive (M1) macrophages, albeit 

that CS exposure increased numbers of IRF5 positive cells only in offspring from 

smoke-exposed mothers (Fig. 6A, p = 0.016). There was no additional effect of PSE. 

CS resulted in higher numbers of YM1 positive (M2) macrophages (Fig. 6B, p = 

0.012), especially in offspring with smoke-exposed mothers (Fig. 6B, p = 0.037), 

irrespective of PSE. In addition, CS resulted in higher numbers of IL10 positive 

(regulatory) macrophages (Fig. 6C, p = 0.046), especially in mice with air-exposed 

mothers (Fig. 6C, p = 0.013). No CS and PSE effects were found on total numbers 

of macrophages, eosinophils and neutrophils (Fig. 6D-6F) in lungs of these adult 

offspring. 
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Figure 6. CS-induced macrophage subsets in lung tissues of adult offspring. Mann-

Whitney U-test was used for the comparisons between different air- and smoke-exposed 

subgroups. NSM: air-exposed mother, SM: Smoke-exposed mother. The “Postnatal smoke 

effect” was obtained from a linear regression analysis and indicates a difference between both 

Air-exposed groups versus both Smoke-exposed groups. The “Prenatal smoke effect” was 

obtained from a linear regression analysis and indicates a difference between both NSM-

exposed groups versus both SM groups. Data are presented as individual data points with the 

median as horizontal line (A-F).   

Discussion 

In this study, we found that offspring CS reduced numbers of (anti-ageing) SIRT1 

positive cells, whereas in contrast to what we expected, CS also reduced the mRNA 

expression of the cell senescence markers p53, p21 and it induced cell proliferation, 

i.e. Ki67. Regarding progenitor/stem cell markers in the lung, for basal cells, we 

found that CS only induced airway basal cell gene expression in offspring from non-

smoking mothers (negative interaction between offspring CS and PSE as 

determined by linear regression analysis), which may be explained by the already 

high level of airway basal cell gene expression in offspring from smoke-exposed 
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mother. For AECII cells, CS increased the number of NKX2.1 positive cells in the 

parenchymal tissue, with no additional effect of PSE. With respect to the features of 

COPD, CS induced SMA thickening around the airways, irrespective of PSE, 

whereas PSE alone reduced collagen III deposition around blood vessels. As for 

IGF1, offspring CS induced Igf1 mRNA expression and IGF1 positive cells, 

irrespective of PSE. Furthermore, in CS group, the number of IGF1 positive cells 

was negatively correlated with NKX2.1 positive cells (AECII cell populations), 

irrespective of PSE, whereas in the PSE alone group, Igf1 mRNA expression was 

positively correlated with mRNA expression of basal cell gene markers Krt5 and 

Trp63. 

Impact of offspring CS and PSE on the SIRT1-FOXO3 axis  

CS has been shown to impair epithelial barrier of the airways, damage related 

tissues and proteins due to production of oxidative stress, and finally lead to 

accelerated ageing of lung [36,37]. SIRT1 is a NAD+-dependent protein/histone 

deacetylase and known as an anti-ageing molecular, which plays a critical role 

against cellular senescence/ageing [38,39]. In addition, SIRT1 was shown to 

regulate the FOXO3 signaling through deacetylation of the FOXO3 protein, which is 

thought to tip oxidative stress-induced FOXO-dependent responses away from cell 

death and toward stress resistance [21]. The activation of SIRT1-FOXO3 axis 

negatively regulate mTOR/ageing pathway under CS-induced oxidative stress [9], 

as shown also in Figure 1 of the general introduction of this thesis. In this study, we 

found that offspring CS results in lower numbers of SIRT1 positive cells, with lowest 

levels in PSE exposed mice. Similarly, PSE reduced the mRNA expressions of both 

Sirt 1 and Foxo3, irrespective of offspring CS. These results are of interest, as many 

studies have reported that SIRT1 is markedly reduced in lung tissues of smokers 

and patients with COPD [8, 40]. FOXO3 proteins were also found to be diminished 

in lungs of smokers, patients with COPD and in lungs of smoke-exposed mice [41,42]. 

In addition, mRNA expression of Sirt 1 was strongly correlated with the expression 

of Foxo3, which suggests a parallel reduction induced by PSE. Our data support the 
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study from Yuan et al. where Foxo3a and Sirt1 expression were both significantly 

reduced in smoke-exposed and aging-accelerated mice [43]. In addition, it supports 

data showing decreased SIRT1 and FOXO3 nuclear expression in human bronchial 

epithelial cells upon cigarette smoke extract (CSE) treatment [44]. Similarly, in CS-

exposed lungs of both mice and human individuals, oxidative stress enhances 

acetylation of FOXO3 which could be attenuated either by genetic overexpression of 

SIRT1 or a selective pharmacological activator SRT1720 [41,42]. Additionally, both 

Sirt1 ablated mice and Foxo3 ablated mice have been shown to develop 

exaggerated pulmonary emphysema when exposed to CS [42]. In our smoking 

mouse model, we didn’t investigate emphysema, as longer smoke exposure would 

be needed in this model. Although we did not observe an additional effect of PSE on 

SIRT1 positive cells and gene expression of Sirt1 and Foxo3, the overall reducing 

effect of PSE does suggest that prenatal smoke exposure impacts on the capacity 

to respond to oxidative stress in these mice.  

Impact of offspring CS and PSE on the p53/p21 pathway involved in cellular 

senescence  

CS-induced cellular senescence has been implicated in COPD pathology. CS was 

shown to generate excessive reactive oxygen species (ROS), stimulating the tumor 

suppressor protein p53 to activate the expression of multiple downstream genes that 

control the pathways of apoptosis, transient (quiescence) and permanent cell cycle 

arrest (senescence) [45,46]. Activation of the p53/p21 pathway is one of the two 

major tumor suppressive pathways to induce cellular senescence [47]. CS in vitro 

and in vivo was shown to induce cellular senescence in lung epithelium and 

fibroblasts with upregulation of p53/p21 expression [41,45,48]. Furthermore, it was 

shown that CS was able to inhibit the proliferation of lung fibroblasts [49]. In contrast, 

our study showed that offspring CS reduced mRNA expression of p53 and p21, 

which for p53 was most decreased in offspring from some-exposed mothers. In 

addition, CS increased the numbers of Ki67 positive cells (a proliferation marker) 

and there were no smoke effects on cleaved caspase 3 positive cells (apoptosis 
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marker) in lung tissues of these mice. As p21 and p53 also play a role in the 

prevention of tumor development [50], we checked all lung sections for histology but 

no tumorigenesis-related phenotypes could be observed. In addition, CS-induced 

excessive ROS also leads to accumulation of senescent cells in lung tissues, which 

are characterized by their SASP. P21 is able to activate the SASP response, leading 

to the secretion of the inflammatory cytokines (IL-1β, IL-6, and TNF-α), growth 

factors (vascular endothelial growth factor, TGF-β1), chemokines, and MMPs, which 

are all increased in age-related diseases, including COPD [26,51]. However, in our 

model, CS decreased Il6 expression and PSE reduced Tnfa expression, whereas no 

smoke effects were observed on Il1b expression. It is difficult to firmly conclude that 

CS reduced cellular senescence and predisposed to promote proliferation and 

induce tumorigenesis in our mouse model, as we only assessed mRNA expression 

in lung tissue homogenates on p53, p21, IL-1β, IL-6, and TNF-α. Further studies on 

the histological phenotype of senescent cells (senescence-associated β-

galactosidase (SA-β-gal) staining) and protein expression of p53, p21, IL-1β, IL-6, 

and TNF-α in specific cell types may shed light on whether CS may have induced 

senescence in specific cells or cell types in our model. 

Impact of offspring CS and PSE on progenitor/stem cell populations in the lung  

Aging-associated changes include also stem cell exhaustion, which could lead to 

a decline in the regenerative potential of lung tissue. CS-induced persistent oxidative 

stress in COPD may lead to excessive differentiation of stem cells which finally 

results in stem cell exhaustion [9]. Airway basal progenitor cell count, self-renewal 

and the ability to differentiate to basal, mucous, and ciliated cells were all found to 

be reduced in smokers with COPD compared with non-COPD smokers [52]. Also, 

the rate of basal progenitor cell maintenance and loss was found to be accelerated 

in the smoker’s airway [53]. In our model, we found that offspring CS induced Krt5 

and Trp63 expression only, offspring from non-exposed mothers (negative 

interaction CS and PSE), caused by an elevated presence of basal cell gene 

expression in offspring from a smoke-exposed mothers. Future studies will include 
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a more in-depth analysis of the epithelial cell distribution in the airways, to relate 

possible basal cell dysfunction to histological manifestations of COPD. With respect 

to AECII cell exhaustion, CS, both in vitro and in vivo, is known to induce senescence 

phenotypes in alveolar epithelial cells [54]. Accelerated senescence of the alveolar 

epithelial type II (AECII) cells has been demonstrated in patients with COPD [55]. 

Offspring CS group had more NKX2.1 positive cells in the parenchymal tissue (AECII 

cell populations), whereas no smoke effects were observed on Ki67/NKX2.1 double 

positive cells (AECII cell proliferation) in our mouse model. This could mean that the 

offspring CS-induced AECII cells do not proliferate, but they also do not differentiate, 

which could fit with the exhaustion phenotype. To further prove AECII cell exhaustion, 

AECII cell senescence investigation needs to be performed. 

Impact of offspring CS and PSE on airway remodeling  

ECM dysregulations in the lungs under injury or with ageing is associated with the 

progression of respiratory diseases, including COPD [56]. It is shown in COPD that 

both the airway wall thickness and the layer of smooth muscle are increased [57]. 

Animal models indicated that prenatal nicotine exposure increased collagen 

deposition and airway lengthening [58,59]. In humans, maternal cigarette smoking 

is associated with an increased airway smooth muscle thickness in newborns [60]. 

In our model, offspring CS induced more smooth muscle around the airway, whereas 

this effect was less clear in offspring from smoke-exposed mothers. As for collagen 

III around vessels, PSE decreased its deposition. Similarly, offspring CS and PSE 

reduced mRNA expression of Collagen IV in lungs of adult mice. In addition, PSE 

downregulated the Tgfb mRNA expression. In this case, our results showed that 

offspring CS induced alterations of ECM components usually observed in ageing 

lung [61]. However, PSE predisposed to decrease this, which perhaps is due to its 

effects of preventing the normal formation of ECM components in lung tissues. More 

related work needs to be investigated in future study. 

Impact of offspring CS on the association between IGF1 and lung ageing 
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IGF1 signaling is one of the two key pathways to regulate life span and IGF1 

impairment is known to extend life span in different species including mammals 

[62,63]. The classic ageing pathway involves activation of the IGF1/AKT/mTOR axis, 

in which the FOXO3A/autophagy is inhibited [64,65]. In lungs of COPD patients, an 

upregulation of the mTOR axis is observed as in ageing and blocking mTOR 

signaling ex vivo is able to reduce cellular senescence in COPD [66]. In addition, in 

lungs of COPD patients, smokers and smoke-exposed mice, decreased expression 

of FOXO3 proteins have been found [41,42]. In our model, although no offspring CS 

effect was found on Foxo3 mRNA expression, PSE reduced the Foxo3 mRNA 

expression in lungs of adult mice. Offspring CS induced an elevation of Igf1 mRNA 

expression and more IGF1 positive cells, which may indicate an activating 

predisposition of the IGF1 pathway after offspring CS in our model. However, as our 

mouse model wasn’t designed for lung ageing investigation initially, further studies 

of PSE on CS-induced effects on FOXO3 protein expression, autophagy, mTOR 

signaling axis in lungs of our mouse model still need to be performed. 

With respect to stem cell exhaustion (as defined by a decline in the proliferation of 

progenitor/stem cells), it is of interest that in control mice (air-exposed group from 

non-smoke exposed mothers) Igf1 mRNA was positively correlated with Krt5 mRNA 

and Trp63 mRNA expression, and IGF1 positive cells were positively correlated with 

NKX2.1 positive cells. This phenomenon was abolished by either offspring CS or 

PSE for both progenitor/stem cell types. This suggests that offspring CS or PSE-

induced alterations of IGF1 may partly impact progenitor/stem cell exhaustion in 

lungs of our mouse model. For the AECII population, offspring CS even induced a 

negative correlation between IGF1 and AECII cell numbers, which could be 

explained by an increase of inflammatory cells (subtypes of macrophages) after CS 

exposure, which also add to the IGF1 positive cells. Indeed, it is reported that 

activation of IGF1 was shown to generate pro-inflammatory responses [67]. In this 

case, IGF1 positive cells may represent the inflammatory cells rather than the AECII 

cell populations. However, more experiments are needed to link the exact role of 

IGF1 to the above discussed hallmarks of ageing.  
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Summary  

In conclusion, by reducing the anti-aging molecules, CS may 

accelerate/predispose to lung aging, although the results on cellular senescence 

seemed to contrast this conclusion. Offspring CS induced Igf1 mRNA expression 

and IGF1 positive cells, which were accompanied with basal cell mRNA expression 

and higher AECII stem cells. CS-induced alterations were only partly affected by 

prenatal smoke exposure. 
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