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Abstract 
Introduction: Chronic obstructive pulmonary disease (COPD) is Canada’s fifth leading cause 

of death and is primarily caused by smoking. However, only <20% of smokers develop COPD, 

suggesting that other factors are important. Early-life exposures may also increase COPD risk 

by impairing lung development and altering response to cigarette smoke (CS). Maternal 

diabetes (MD) increases the risk for premature birth and childhood asthma, which are risk 

factors for COPD. However, the direct impact of MD on offspring susceptibility towards CS 

and COPD remains unexplored. I hypothesize that exposure to MD worsens CS induced lung 

damage in offspring. 

  

Methods: Six-week-old C57BL/6NJ female mice were fed with a high-fat diet (HFD-45% kcal) 

to induce diabetes-like features or low-fat (LFD-10% kcal) control-diet for 6-weeks, and 

throughout pregnancy and weaning. Weaned offspring were fed standard research chow-diet 

until 8-weeks of age, at which point they were exposed to CS/Room air for 50 mins, twice/day, 

for four days. Lung function and inflammation were assessed on day five. Lung tissues were 

collected for DNA methylation and gene expression analysis. Data were analyzed in Prism 

GraphPad using two-way ANOVA, significance set at p<0.05.  

  

Results: Offspring from diabetic pregnancy were significantly heavier at 3-weeks than controls. 

At 8-weeks the body weight difference maintained only in males. CS exposure significantly 

increased total lung resistance (14%) and airway resistance (18%) in HFD male offspring 

compared to control. HFD influenced CS induced immune cell infiltration in a sex-specific 

manner. Female HFD-CS offspring had significantly decreased neutrophils, CD4+ T-cells and 

NK cells compared to control-smokers. Male HFD-CS offspring had significantly elevated B-

cells and NKT cells compared to HFD-control. At baseline, HFD female offspring had elevated 

Eotaxin and MIG but reduced IL-1α. CS induced cytokine changes in control animals, which 

were sex specific, were blunted in HFD exposed offspring. Additionally, I observed changes 

in gene abundance (Igf, Igfbp3 and Ephx1), but without specific changes in DNA methylation 

in smoking individuals from diabetic pregnancy.   

 

Conclusion: MD alters offspring susceptibility towards CS-induced lung dysfunction and 

inflammation, in a sex-specific manner. MD may modulate response to cigarettes in early 

adulthood, suggesting a propensity to future COPD. 
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1.1 Chronic Obstructive Pulmonary Disease (COPD) 
 

1.1.1 Prevalence  

COPD is the third leading cause of death worldwide and is the second greatest cause of hospital 

admissions in Canada (Lozano et al., 2012). Globally, 90% of COPD deaths occur in low- and 

middle-income countries  (Halpin et al., 2019; Meghji et al., 2021). Based on the recent 

epidemiological data, in 2012 more than three million people (accounting 6% from the world 

population) died of COPD. With the increasing prevalence of smoking in low- and middle-

income countries and aging population in high income countries the COPD prevalence is 

expected to rise over the years, and it is estimated annually over 5.4 million deaths of COPD 

by 2060 (Lopez et al., 2006). This extreme health burden necessitates new treatment options 

that can prevent disease exacerbations or, better yet, prevent the disease from developing in the 

first place. The paradigm of COPD pathogenesis is that it is an adult disease caused by smoking. 

But however not every person who smokes get COPD. Emerging evidence suggests that the 

origins of COPD may exist in exposure to early life genetic and environmental risk factors that 

impair lung function (Martinez, 2016). Understanding how the early life environment can be 

modified to lower COPD disease risk in adulthood may allow us to prevent the development 

of COPD rather than relying on therapies that only slow its progression.  

 

1.1.2 Definition  

According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD), COPD is 

defined as “…. a heterogeneous lung condition characterized by chronic respiratory symptoms 

(dyspnea, cough, sputum production and/or exacerbations) due to abnormalities of the airways 

(bronchitis, bronchiolitis) and/or alveoli (emphysema) that cause persistent, often progressive, 

airway obstruction.” (GOLD 2024). In clinical context, COPD is defined as a reduction in the 

forced expiratory volume in 1 second (FEV1) as a ratio of the forced vital capacity (FVC). 

FEV1/FVC ratio declines with severity of COPD. According to GOLD 2024, post 

bronchodilator FEV1/FVC < 0.7 is mandatory to confirm the diagnosis of COPD. Based on the 

severity of the patient's airflow limitation following bronchodilator FEV1, there are four 

progressive stages has defined GOLD I–IV (Table 1).  
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Table 1: Gold grades and severity of airway obstruction (based on post-bronchodilator FEV1). 

Table adapted from GOLD 2024 

COPD patients (FEV1/FVC < 0.7) 

GOLD I  Mild  FEV1≥80% predicted  

GOLD II Moderate 50% ≤ FEV1 < 80% predicted 

GOLD III Severe 30% ≤ FEV1 < 50% predicted 

GOLD IV Very severe FEV1 < 30% predicted 

 

COPD encompasses two disease conditions emphysema and chronic bronchitis. Emphysema 

is the destruction of alveoli in the lung. As a result, the alveoli become less elastic. This 

condition mainly causes shortness of breathing and difficulty in exhaling. Chronic bronchitis 

involves inflammation and narrowing of airways. Inflammation leads to excess mucus 

production and causes persistent cough and breathing difficulties due to airway narrowing. 

Even though these two conditions have distinct characteristics they often occur together in 

COPD patients, creating a complex condition.     

 

1.1.3 Pathophysiology  

As described above COPD is characterized by destruction of alveoli and small airways, leading 

to progressive loss of lung function and breathing difficulties. COPD is traditionally considered 

a disease caused by smoking, exposure to other forms of particulate matter, such as indoor and 

outdoor pollution, increases the risk of COPD (Martinez, 2016). Interestingly, only 15-20% of 

smokers eventually develop COPD (Lo Tam Loi et al., 2013) and the prevalence of COPD in 

people who have never smoked is also high, ranging from 25-45% (Salvi & Barnes, 2009), 

suggesting there are additional factors that may influence risk for COPD. COPD development, 

progression, and prognosis can be influenced by both genetic factors and environmental 

factors. Additionally, emerging evidence suggests that early-life exposure to environmental 

factors can predispose individuals to COPD, by reducing peak lung function, accelerating lung 

function decline, or increasing sensitivity to lung-damaging factors like cigarette smoke 

(Deolmi et al., 2023). Paradigm shifting research indicated that deficits in FEV1/FVC are 

apparent in early life and are associated with future COPD risk (Lovasi et al., 2010) and that 

early life environmental exposures can cause these early lung function deficits (Svanes et al., 

2010). Therefore, the early life environment, during pregnancy and early childhood, could 

represent a novel, modifiable risk factor in COPD etiology. In in this thesis, I will discuss the 
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relationship between early life environmental factors and future COPD risk, the 

pathways these risks may act through, and discuss whether prenatal exposure to maternal 

diabetes is an unexplored risk factor influencing life-long lung health and COPD risk. 

 

1.1.4 Inflammation and Remodelling 

Chronic lung inflammation is a hallmark feature of COPD, which leads to progressive and 

irreversible airflow obstruction, and it contributes to the alveolar destruction. The inflammatory 

process of COPD involves both innate and adaptive immunity. Once the inflammatory process 

is established in COPD, it persists even after smoking cessation and get worse over the time 

(Hogg et al., 2004). The main cells involved in inflammation in COPD includes neutrophils, 

macrophages and lymphocytes (CD4, CD8 and B lymphocytes). These immune cells infiltrate 

into the lung tissues and airways and can be detected in the sputum and bronchoalveolar lavage 

fluid (Hogg & Timens, 2009; King, 2015). Among these inflammatory cells, neutrophils are a 

marker of COPD severity (Mendy et al., 2018; Singh et al., 2010) and are a particular interest 

because of their role in remodelling and the irreversible destruction of peripheral lung tissue. 

Remodelling refers to the structural changes that occurs in the lung, often because of chronic 

inflammation. These structural changes include thickening of the airways due to increased 

muscle and connective tissues, narrowing of the airways, and increased mucus production 

(Hirota & Martin, 2013). This is observed in central airways, distal airways as well as in lung 

parenchyma (alveoli). In COPD, airway remodelling leads to airway obstruction and 

parenchymal remodelling contributes to emphysema. The infiltrating immune cells release 

inflammatory mediators such as cytokines and chemokines, and destructive enzymes, which 

are associated with progressive destruction of the lung in COPD and has an impact on lung 

remodelling (Y. Wang et al., 2018).  

 

Neutrophils recruited to the airways of the COPD patient secrete serine proteases such as 

myeloperoxidase (MPO), Neutrophil elastase, and matrix metalloproteinases (MMPs), 

specifically MMP1, MMP9, and MMP12 are associated with pathogenesis of emphysema. All 

these enzymes contribute to alveolar destruction (Bardoel et al., 2014; Hendrix & Kheradmand, 

2017; Y. Wang et al., 2017). These MMPs are correlated with measures of lung function and 

disease progression (Culpitt et al., 2005; Ostridge et al., 2016). Additionally, certain neutrophil 

derived cytokines including IL-1 and IL-8 are involved in tissue damage and airway 

remodelling (Baek et al., 2013). In COPD, macrophages are increased in airways, sputum and 
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BALF and are correlated with alveolar wall destruction and inflammatory responses (Arora et 

al., 2018). Reactive oxygen species (ROS), MMPs, IL-1β, TNF-α, IL-8, and monocyte 

chemoattractant protein-1 (MCP-1) are produced by macrophages and are linked to COPD 

pathogenesis (Barnes, 2014). Therefore, changes to the abundance and activity of innate 

immune cells are important in the pathogenesis of COPD, and possibly risk for COPD.  

 

Adaptive immunity is also activated in COPD, with the infiltration of B cells and T cells into 

the airways. T cells (CD8+ and CD4 +) have ability to directly destroy the lung tissues by T cell 

induced lung cytotoxicity or indirectly by macrophage activation. CD8 + cells mainly produce 

IL-4 and IL-5 and are significantly increased in a COPD lung. IL-4 promotes the release of 

inflammatory molecules (by activating B cells and mast cells) and IL-5 is important for 

eosinophilic inflammation, where both involve in airway inflammation and parenchymal 

damage in COPD (Barnes, 2008; Narendra & Hanania, 2019). Individuals with severe COPD 

have significantly increased B cell numbers, specifically within lymphoid follicles 

(congregation of immune cells) (Hogg 2004). B cells have both positive and negative effects 

in COPD. B cells help to remove pathogens by promoting immune responses and they are also 

known to produce autoantibodies and proteolytic enzymes. Where these autoantibodies and 

proteolytic enzymes can target lung tissues and extracellular matrix proteins (Polverino et al., 

2016). B cells play a role in the development of COPD, with a particular impact on the 

emphysema phenotype.  

 

1.1.5 Treatments for COPD  

COPD is a significant global health concern and an economic burden. Currently there is no 

cure for COPD, but it is important to emphasize that this is treatable. Proper management can 

improve the quality of life and slow the disease progression in a COPD patient. COPD 

treatment strategies are vary based on the disease severity and symptoms of individuals. Key 

medications for COPD patients include long-acting beta agonist (LABA), long-acting 

muscarinic agonists (LAMA), combination of LABA-LAMA, and inhaled corticosteroids 

(ICSs) (Milne et al., 2024). LABA is a bronchodilator, and it helps to relax the smooth muscle 

cells around the airways. However, LABA is not suitable for acute symptom relief as they 

function as long-term control medications. LAMA is another effective treatment for COPD 

patients as they prevent bronchoconstriction in the lungs. ICSs reduce airway inflammation, 

and are commonly used to treat asthma, but their use is more limited in COPD. Combination 
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of these medications offers great efficacy compared to LABAs, LAMAs or ICSs alone. All 

these treatments help to improve lung function, enhance overall health-related quality of life, 

and even help to prevent the exacerbations. The current therapies have some limitations and 

potential side effects as well as these therapies relief symptoms but none of them target the 

disease line. Therefore, COPD necessitates new treatment options that can prevent disease 

exacerbations or, better yet, prevent the disease from developing in the first place. 

 

1.2 Lung Development and Lung Function Trajectories 
The lung development is a complex and highly regulated process which begins early in 

gestation and continues beyond birth. Lung morphogenesis occurs in five stages where lung 

development starts during embryonic stage (0-6 weeks of gestation). This stage is marked by 

formation of trachea, bronchi, and lung buds (Warburton et al., 2010). In pseudo-glandular 

stage (6-17 weeks of gestation) the lung bud give rise to conducting airways including 

bronchioles and terminal bronchioles. These structures undergo repeated branching, leading to 

formation of bronchial tree (Maeda et al., 2007). This branching pattern causes the expansion 

of lung surface area, which promotes gas exchange postnatally. During the canalicular stage, 

which lasts from 16 to 26 weeks of gestation, the lung experiences tremendous expansion and 

differentiation. During this time the conducting airways further divide to give rise to respiratory 

bronchioles. Around week 26 of gestation, the saccular stage begins. Further branching of 

respiratory bronchioles occurs to formation of alveolar ducts. At this stage surfactant 

production starts and this continues until birth. Surfactants are vital in reducing surface tension 

and preventing alveolar collapse to maintain lung compliance (Nkadi et al., 2009). At the end 

alveolar stage, the terminal ducts mature into alveolar sacs where the gas exchange happens. 

Alveolarization starts following birth and continues towards early childhood.  

 

The lung continues to grow and develop into early adulthood, resulting in an improvement in 

lung function overtime. Any changes in lung development linked with lower lung function.  

Lung function trajectories define a pattern of lung function growth and decline over time that 

is useful for identifying deficits related to disease. Four primary patterns are typically seen: 1) 

normal growth and normal decline, lung function reaches its peak at age 20 and then gradually 

deteriorates over time in individual who do not have lung disease; 2) normal growth and rapid 

decline, typically defined by cigarette smoke induced rapid decline in adulthood; 3) reduced 

growth (reduced peak) with normal decline; 4) reduced growth with rapid decline (Deolmi et 

al., 2023). The latter three patterns in Figure 1 are linked to the development of COPD (Allen, 
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2019; Lange et al., 2015; McGeachie et al., 2016). People with reduced FEV1 in childhood 

continue to have a lower FEV1 in adulthood, further increasing their risk for progression to 

COPD (Krishnan & Martinez, 2018). Additionally, chronic mucus hypersecretion is associated 

with excessive FEV1 decline and increased risk for COPD (Vestbo et al., 1996). It is therefore 

well understood that alterations in lung function growth, peak, and decline are associated with 

future COPD risk. 

 

Exposure to environmental stressors during early life, whether in the womb or during 

childhood, can have detrimental effects on organ development and function, and raise the risk 

of future diseases, a concept known as the developmental origins of health and disease 

(DOHaD) (Gillman, 2005). Early-life factors such as cigarette smoke, air pollution, premature 

birth, bronchopulmonary dysplasia, respiratory illnesses in early life, and childhood asthma 

have all been linked to declines in maximal lung function in adulthood (Chan et al., 2015; Harju 

et al., 2016; Gauderman et al., 2004; Kotecha et al., 2013; Sears et al., 2003). These exposures 

reduce the highest achievable lung function and may increase the likelihood of developing 

COPD, even with a normal rate of lung function decline (Figure 1). Additionally, these 

exposures can alter the trajectory of lung function decline, rendering individuals more 

susceptible to COPD (Belgrave et al., 2018; Bui et al., 2018). Maternal exposure to a high-fat 

diet results in alveolar simplification, suggesting changes in alveolarization (Mayor et al., 

2015a). Another study demonstrated prenatal exposure to nicotine has increased airway 

branching and total airway length suggesting a decreased pulmonary function (Wongtrakool et 

al., 2012). However, there is a relative lack of knowledge on how diabetes during pregnancy 

affects the fetal lung development and the subsequent respiratory health of the children. 
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Figure 1: Trajectories of lung function growth and decline that can increase risk for COPD 

later in life. Early adulthood CS exposure causes a more rapid decline in lung function. 

Environmental exposures, during pregnancy and early life, could shift lung function to a sub-

optimal curve or increase sensitivity to cigarette smoke induced lung function decline, leading 

to a greater risk for COPD. 
 

1.3 COPD risk factors 

COPD is a complex condition resulting from the interplay between genetic factors and 

environmental influences. An individual’s lung function trajectory can be influenced by genetic 

factors (Simpson et al., 2005; Thyagarajan et al., 2014), environmental exposures like 

cigarettes or air pollution (Dehmel et al., 2018; Morales et al., 2015), and risk factors in early 

life (Deolmi et al., 2023).  

1.3.1 Genetic Risk Factors 

The most well-known genetic risk factor for COPD is alpha-1 anti-trypsin (AAT) deficiency 

that causes early onset emphysema (Gooptu et al., 2008). AAT is a protein primarily produced 

in the liver that plays a crucial role in protecting the lungs from damage. AAT deficiency is 

caused by mutations in SERPINA1 gene (Nakamura, 2011). Mutations in the SERPINA1 gene 

increases the risk of liver and lung emphysema. This is due to insufficient level of circulating 

AAT to neutralize proteolytic enzymes such as neutrophil elastase in the lungs, resulting the 

destruction of lung tissues (Deolmi et al., 2023). A recent genetic investigation in a large 

French-Canadian family with early onset emphysema discovered the second hereditary 

emphysema in 2019. In this study they found a mutation (Ala455Thr) in the protein tyrosine 



9 

phosphatase non-receptor type 6 (PTPN6) gene. This mutation in PTPN6 (also known as SHP-

1) reduce the phosphatase activity in the encoded enzyme (SHP-1), which is an important 

negative regulator of immune processes (Bossé et al., 2019). A family history of COPD 

constitutes an independent risk factor not only for the development of COPD but also for 

frequent exacerbations and increased disease severity (X. Huang et al., 2019).  

 

Recent research has focused on finding genetic risk factors for COPD, specifically single 

nucleotide polymorphisms (SNPs) that are associated with deficits in lung function in healthy 

people. This follows a new concept in COPD research, the idea that COPD can emerge in a 

person who has failed to achieve optimal lung function or has a faster than normal decline in 

lung function regardless of smoking status (Figure 1). This concept of reduced lung growth or 

early decline in lung function as a factor in COPD pathogenesis allows for the identification of 

early life factors that influence lung development and COPD risk. Using this definition, a 

number of SNPs have been identified that are associated with reduced lung growth and an 

increased risk for COPD (Simpson et al., 2005; Thyagarajan et al., 2014). 

  

Studies using animal models have highlighted the critical roles of certain genes in lung 

morphogenesis, including retinoic acid receptor-beta (RARB), the transcription factor SOX5, 

matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs). 

RARB plays a crucial role in the maturation of septation and alveolar formation in murine 

lungs. Studies have demonstrated that RARB knockout mice exhibit premature septation, 

underscoring the significance of this receptor in pulmonary development (Carlo Massaro et al., 

2000).  SOX5, is a susceptibility gene for COPD, which plays a key role in lung morphogenesis 

during fetal development. SOX5-deficient murine models have demonstrated delayed lung 

development (Hersh et al., 2011). As described above genetics play an important role in COPD 

pathogenesis. In addition to genetic factors the environmental exposures can also alter the lung 

function and COPD risk.  

 

1.3.2 Environmental exposures 

1.3.2.1 Tobacco Smoke   

The paradigm of COPD pathogenesis is that it is an adult disease caused by smoking. Active 

or indirect (second hand/third hand) exposures to CS is the largest risk factor in pathogenesis 

of lung diseases such as COPD (Bartal, 2005; Hogg & Timens, 2009). CS contains noxious 
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gases and thousands of chemicals including heavy metals, oxidative substances, and 

carcinogens etc. In utero and early life exposure to CS is associated with a higher risk of asthma 

and respiratory infections during childhood (Harju et al., 2016b; Jones et al., 2011). 

Importantly, both asthma and respiratory infections in early childhood are associated with 

reduced lung function in later life (Chan et al., 2015; Sears et al., 2003). Early life exposure to 

CS has consistently been associated with decreased lung function in children. Furthermore, 

children who experience childhood disadvantages, including exposure to parental smoking, 

have a significantly higher likelihood of developing COPD in adulthood (Svanes et al., 2010). 

In mouse studies, in utero exposure to CS leads to decreased lung compliance and inspiratory 

capacity, both of which are hallmark features of COPD (Dehmel et al., 2018; Drummond et al., 

2017; Larcombe et al., 2011). Additionally, male mice exposed to maternal smoking show 

elevated levels of IL-1β and TNF-α in their lungs (Sukjamnong et al., 2017). Prenatal CS 

exposure worsens lung compliance deterioration in young mice exposed to CS (Drummond et 

al., 2017). In 2004, one of the European Community Respiratory Health Survey has reported 

that paternal smoking was associated with increased risk of respiratory symptoms, lower FEV1 

and FEV1/FVC ratio in males but not in females, whereas maternal smoking had greater 

symptoms and poor lung function in the female population (Svanes et al., 2004). Lung function 

impairment in healthy male adolescents is linked to current exposure to Environmental 

Tobacco Smoke (ETS), independently of any potential impact from maternal smoking during 

pregnancy (Rizzi et al., 2004).  

 

Some Research reports show that the prevalence of patients with COPD who have never 

smoked is also high, meaning that other risk factors also come into play. In addition to parental 

smoking, Children who experience childhood disadvantages, including parental asthma 

(maternal/paternal), childhood asthma and pulmonary infections, were significantly associated 

with lower FEV1 (Svanes et al., 2010). These are defined as ‘childhood disadvantage factors’ 

and have a greater odd of developing COPD in adulthood.     

 

1.3.2.2 Air pollution 

Exposure to air pollutants (other than tobacco smoke) such as sulfur dioxide (SO2), Nitrogen 

Oxides (NO), Carbon Monoxide (CO) and particulate matters (PM2.5, PM10) causes respiratory 

diseases. Particulate matters trigger oxidative stress which induces epigenetic changes such as 

DNA methylation, histone modifications and chromatin remodeling (H. J. Kim et al., 2017). 

These altered gene expressions cause lung inflammations which contribute to the development 



11 

of asthma, COPD and other respiratory diseases. Lots of epidemiological studies have shown 

that exposure to environmental pollutants in-utero and early life leads to lung function 

impairments in children and adults. Prenatal exposure to PM2.5 in late pregnancy has been 

linked with reduced FEV1 in childhood and DNA hypermethylation in GSTP1 of nasal 

epithelia, specifically in boys (Lee et al., 2018). In utero exposure to high levels of benzene 

and NO2 is associated with lung function reduction in preschool age children (Morales et al., 

2015). Sub-chronic exposure to PM2.5 and Ozone reduces lung capacity in children at 6-15 

years, whereas acute exposure to ozone impairs the small airway function (Chen et al., 2015). 

Exposure to fine particles in elderly has a more adverse effect on respiratory health. In 2007 

Lee et al. observed a decrease of peak expiratory flow with increased exposure levels of fine 

particles (Lee et al., 2007). Adults who use wood for cooking have significantly impaired lung 

function compared to the ones who use charcoal as their primary source of fuel (Fullerton et 

al., 2011). In 2021 another study revealed that the prolonged exposures to wood heating, gas 

cooking and heating, were associated with higher chances of developing persistent asthma, 

reduced lung function and percentage reversibility. Additionally, they found evidence 

suggesting that these effects were influenced by GST genes and ventilation levels (Dai et al., 

2021). All the above studies have shown that when individuals are exposed to these pollutants 

over an extended period, especially in high concentrations, it can have detrimental effects on 

the respiratory system. 

 

1.3.3 Early life risk factors  

1.3.3.1 Childhood Asthma  

Asthma is a common chronic respiratory disease marked by airway narrowing and 

inflammation. Strong evidence indicates that asthma, particularly a history of severe or 

persistent asthma, increases an individual’s risk of COPD later in life. Children with asthma 

are more likely to develop COPD, an association that is stronger for children with severe 

asthma, with an odds ratio approaching 32 (Duan et al., 2021; Tai et al., 2014). Childhood 

asthma is also associated with an accelerated FEV1 decline in adulthood and asthma-like 

symptoms are positively correlated with lower pulmonary function at 50 years of age and a 

doubled risk for COPD (Bisgaard et al., 2021; Tagiyeva et al., 2016). Clinically remittent 

asthma (controlled asthma, with minimal or no symptoms) in childhood is associated with more 

airway obstruction at middle age. Specifically, 5.2% of individuals with remitted childhood 

asthma experience airway obstruction, compared to only 2.2% of healthy individuals (Omori 
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et al., 2017). It is important to note that while there is a link between childhood asthma and the 

risk of COPD in adulthood, not every individual with childhood asthma will develop COPD. 

Children with intermittent asthma did not show an increased risk of developing COPD in 

adulthood (Tai et al., 2014). However, it is reasonable to conclude that early life factors which 

increase the risk of asthma, particularly severe asthma, may also be considered potential early 

life risk factors for COPD. 

 

1.3.3.2 Pre-term birth and low birth weight  

Premature birth, defined as the delivery of a baby before 37 weeks of gestational age, can be 

further categorized as extremely preterm (>28 weeks), very preterm’ (28->32 weeks), moderate 

or late preterm (32->37 weeks of gestational age) (Quinn et al., 2016). Low birth weight can 

be independent of preterm birth and is defined as a baby weighing less than 2000g or 2100g 

for females and males respectively. Individuals born prematurely or with low birth weight have 

impaired lung development, more airway obstruction and lower FEV1 and FVCs in adulthood, 

with the severity of these changes relating to the severity of prematurity and birth weight. 

(Doyle et al., 2019; Edwards et al., 2003; Narang et al., 2008). These changes are present by 

age 8 and persist into adulthood (Kotecha et al., 2012; Lawlor et al., 2005). In women, there is 

a positive correlation between birth weight and lung function (Lawlor et al., 2005). 

Furthermore, in women, but not men, preterm birth or low birth weight have elevated risk of 

asthma and COPD (Broström et al., 2013). Finally, a meta-analysis of 25,000 children links 

premature birth and low birth weight with an increased risk of childhood asthma (Den Dekker 

et al., 2016), which is a known risk factor for COPD. Whether the correlation between preterm 

birth, low birth weight, and COPD is direct, or mediated through changes in asthma risk, is not 

entirely clear. However, prematurity and low birth weight impact lung function trajectories as 

highlighted in (Figure 1). 

 

1.3.3.3 Surfactant deficiency 

Surfactant is crucial for reducing surface tension in the lungs, enhancing compliance, and 

preventing alveolar collapse during expiration, thus maintaining normal lung function, and 

preventing tissue damage (Veldhuizen & Haagsman, 2000). People with COPD have lower levels 

of surfactant and an altered surfactant composition, which may impair its ability to reduce 

surface tension, contributing to the pathophysiology of the disease (Agudelo et al., 2020a). In 

COPD, there is a significant reduction in total phospholipids and surfactant lipids in BAL fluid, 

the deficiency of which correlates with decreased pulmonary function (Lusuardi et al 1992, 
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Agudelo et al., 2020b). There are established quantitative trait loci in the surfactant D (SP-D) 

gene that are associated with an elevated risk of developing COPD (Obeidat et al., 2017; Sun 

et al., 2016). Serum SP-D is negatively correlated with FVC, FEV1 and FEV1/FVC (Lv et al., 

2022). Conversely, SP-D is elevated in serum during acute exacerbations and may relate to 

treatment response  (Ju et al., 2012; Liu et al., 2014; Shakoori et al., 2009). The increased serum 

SP-D during exacerbations may indicate increased leakage at the alveolar interface in the 

circulation, and the cause-effect relationship between surfactant and COPD pathogenesis still 

needs clarifying. However, early life exposures that alter alveolar surfactant quality and 

function are likely to impair lung function and may contribute to COPD risk.  

 

1.4 Maternal Diabetes 

Diabetes mellitus is a chronic metabolic disease characterized by increased blood glucose 

levels. Diabetes during pregnancy can be characterized into three distinct groups: pre-existing 

type 1 diabetes (T1DM), pre-existing type 2 diabetes (T2DM) or gestational diabetes (GDM) 

(González Corona & Parchem, 2022). Worldwide, there has been a significant increase in the 

occurrence of all forms of diabetes during pregnancy (Nelson et al., 2024; Stanhope et al., 

2021). In Canada, T2DM has increased by 189% (from 2.7 to 7.8 cases per 1,000 deliveries), 

T1DM has increased by 25% (rising from 2.4 to 3.0 cases per 1,000 deliveries) and GDM has 

increased by 153% (from 41.2 to 104.3 cases per 1,000 deliveries) over a 15-year study period 

(Nelson et al., 2024). These statistics highlight the growing concern of diabetes in pregnancy 

across all types, with T2DM showing the most alarming rate of increase. Diabetes during 

pregnancy is an important influencer of health, as it is associated with an increased risk of 

complications affecting both the mother and offspring. Diabetes in pregnancy increases risk of 

diabetes, impairment of glucose tolerance, obesity, and cardiovascular disease in offspring 

(Aerts & Van Assche, 2006; Clausen et al., 2009; Dabelea, 2007; West et al., 2011). 

Importantly, a mounting body of evidence indicates that exposure to diabetes during 

pregnancy, increases risk for infant and childhood conditions that are risk factors for future 

COPD, including asthma, premature birth, surfactant deficiency, and impaired lung function. 

 

1.4.1 Maternal Diabetes and Asthma risk  

Maternal diabetes has repeatedly been associated with an increased risk of developing asthma 

in children (Azad et al., 2017). Using data from a Swedish registry, children born to mothers 

with any type of diabetes during pregnancy had 20% increased odds of developing asthma and 
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having greater use of asthma medication during childhood (Aspberg et al., 2007, 2010). The 

association between maternal diabetes and risk of childhood asthma varies by the type of the 

diabetes. A retrospective birth cohort of over 97 000 births indicates that maternal preexisting 

type 2 diabetes poses a greater risk for childhood asthma compared to both GDM requiring 

medication and GDM not requiring medication during pregnancy (Martinez et al., 2020). A 

racially diverse U.S. pregnancy cohort study confirmed this association, finding that GDM is 

associated with an increased risk of asthma and wheeze in children (Adgent et al., 2021). 

Additionally, offspring of mothers with diabetes are more likely to experience persistent 

wheezing during childhood and develop allergic sensitization, which are both risk factors for 

future asthma (Rajesh Kumar et al 2009; Rusconi et al., 2007). Maternal diabetes may also 

magnify the asthma risk associated with prenatal smoke exposure. In children exposed to 

maternal diabetes, the likelihood of having childhood asthma was 5.7-fold higher when also 

exposed to prenatal smoke (Azad et al., 2013). Importantly, GDM increases the relative risk of 

severe, uncontrolled asthma in preschool children, defined as needing short-acting beta-agonist 

frequently (>7 doses/week), requiring oral corticosteroids, emergency department, or a hospital 

admission for asthma (Moore et al., 2023). As noted earlier, a history of severe and 

uncontrolled asthma is linked with an increased risk of COPD in adulthood. However, no 

longitudinal data exists to determine whether this increased risk for asthma due to maternal 

diabetes also puts children at a greater risk for COPD. The time between exposure to maternal 

diabetes, asthma diagnosis, and the development of COPD makes these types of studies in 

humans challenging. 

  

1.4.2 Maternal Diabetes and Prematurity 

Maternal diabetes is associated with an increased risk of preterm birth in offspring (Preda et 

al., 2023a; Zhang et al., 2012). A population-based cohort study found that premature birth was 

significantly more common in women with GDM (adjusted OR = 1.29) (Li et al., 2023). 

Similarly, compared to pregnancies with normal glucose screening, GDM and preexisting 

diabetic pregnancies more often lead to preterm birth (Hedderson et al., 2003; Köck et al., 

2010). Maternal diabetes is also linked with pre-eclampsia, which significantly increases the 

risk of preterm delivery and low-birth weight, especially in low-income settings (Balaji & 

Seshiah, 2011). Insulin-treated maternal diabetes is associated with increased risk for preterm 

births, and in moderately obese mothers with type 2 diabetes there was an increased risk of 

prematurity (Kong et al., 2019). Finally, mothers with diabetes are more likely to deliver 
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preterm and their infants may be more likely to develop respiratory distress syndrome, although 

this is not a universal finding (Grandi et al., 2015; Hedderson et al., 2003; Robert et al 1976). 

Given the previously established relationship between premature birth, birth weight, and COPD 

risk, these findings suggest that maternal diabetes may also increase future COPD risk, 

however, we again lack studies testing this association.  

 

1.4.3 Maternal Diabetes and Surfactant deficiency 

Maternal diabetes delays the appearance of the pulmonary maturation marker 

phosphatidylglycerol, an indicator of surfactant production (Leung-Pineda & Gronowski, 2010; 

Piper et al., 1998). This association was only seen in poorly controlled diabetic pregnancies, 

indicating the importance of glycemic control on surfactant production (Piper et al., 1998). 

Impaired surfactant synthesis and delayed lung maturation can lead to respiratory distress 

syndrome (RDS) in infants of diabetic mothers (Atar et al., 2021). In animals, maternal diabetes 

contributes to fetal hyperglycemia and hyperinsulinism, which inhibits surfactant synthesis 

(Carrapato, 2003; Levine, 1985; Warburton, 1983). Mouse lungs exposed to maternal high-fat 

diet exhibit an increased cytoplasmic glycogen content, a marker of immaturity, and reduced 

surfactant protein production (Mayor et al., 2015b). In rats, streptozotocin induced diabetes 

during pregnancy, which mimics beta cell loss in type-1 diabetes, reduces lung compliance and 

surfactant production in offspring compared to non-diabetic controls (Baack et al., 2016). As 

noted previously, reduced surfactant levels are associated with an increased risk for COPD, 

suggesting that maternal diabetes induced surfactant deficiencies could lead to COPD, although 

this hypothesis has not been tested (Obeidat et al., 2017).  

 

1.4.4 Maternal Diabetes and Lung Function  

A common feature across all chronic respiratory disease is lung dysfunction measured by 

spirometry, and poor lung function early in life is linked with future COPD risk (Svanes et al., 

2010). Therefore, maternal diabetes induced lung dysfunction in offspring could augment 

COPD risk. To my knowledge there is only one study looked at the effect of maternal glycemia 

on child lung function using spirometry in humans. In this study they demonstrated maternal 

GDM is linked with lung function impairments in children specifically with reduced FEV1, 

FVC and expiratory flow (M. Yang et al., 2024). Several studies have explored the impact of 

diabetes in adults on lung function, which may provide guidance into understanding the impact 

of prenatal diabetes on offspring lung function. A diagnosis of diabetes, including type-1 



16 

diabetes, is associated with impairments in lung function assessed by spirometry (Innocentia 

et al., 1994; Lawlor et al., 2004; Walter et al., 2003). In a long-term study tracking lung function 

in adults over a 16-year follow-up period, adults with diabetes and prediabetes had lower lung 

function at baseline and experienced a more rapid decline in lung function compared to those 

without diabetes (Choi et al., 2024). Impaired glucose regulation in individuals without a 

diagnosis of diabetes is also associated with impaired lung function, specifically, reduced 

FEV1 and FVC (Lange et al., 1989; McKeever et al., 2005). Most studies on the effect of 

maternal diabetes on offspring rely on surrogate measures like wheeze, asthma diagnosis or 

respiratory symptoms to evaluate the impact of maternal diabetes on offspring lung function. 

Therefore, there is a need for more research directly assessing how maternal diabetes influences 

lung function using direct measures including spirometry and oscillometry to understand the 

link between maternal diabetes and future lung disease, including COPD.  

 

In mice, offspring born to high fat diet fed dams have significantly higher lung resistance and 

lower lung compliance at baseline compared to control low-fat fed dams (Griffiths et al., 2016). 

In a model specifically testing the effects of maternal diabetes, there are important sex related 

variations in lung function deficits. Specifically, male offspring exposed to GDM have higher 

lung compliance and increased airspace size, key factors in COPD pathophysiology, while 

female offspring showed higher methacholine reactivity and elevated metalloproteases (Pascoe 

et al., 2022). In a model of type-1 diabetes and high-fat diet, offspring from diabetic 

pregnancy’s having smaller lungs, less surfactant, and altered lung function (Baack et al., 

2016). Maternal high-fat diet also reduces lung vascularization, coupled with a reduction in 

vascular endothelial growth factor (VEGF) receptor 2 and NFκB mediated inflammation, 

mediated through protein tyrosine phosphatase B1 (PTP1B) (Heyob et al., 2019). Finally, 

maternal obesity impairs lung function, and increases bronchial and vascular smooth muscle 

abundance, mediated through IL-6 (Selle et al., 2022). IL-6 and smooth muscle remodelling 

are key features of chronic lung diseases, including asthma and COPD. Cumulatively, the 

animal models suggest that maternal diabetes may be an unexplored risk factor for future 

COPD, mediated through alterations in lung function trajectory.  

 

1.5 Epigenetic Modifications 

Epigenetic mechanisms play a crucial role in DOHaD theory. As explained earlier, DOHaD 

theory proposes that environmental factors during critical developmental periods can shape an 
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individual's lifelong health trajectory. There are three main classes of epigenetic modifications: 

DNA methylation (DNAm), histone modifications and non-coding RNA. DNA methylation is 

the addition of methyl groups to DNA, usually at CpG sites. When this occurs in promoter 

regions, it usually represses gene expression. Histone modifications are the changes in 

chromatin structure that impact gene accessibility and gene expression. These changes include 

acetylation, methylation, and phosphorylation. Non-coding RNAs are RNA molecules that 

influence gene expression through a variety of processes, such as transcriptional and post-

transcriptional regulation, but they do not encode proteins (Yamada & Chong, 2017).   

 

These epigenetic modifications investigate heritable changes in gene expression and persist 

through cell divisions and can influence cellular function and phenotype without changing the 

DNA sequence itself. Importantly, environmental exposures (Tobacco smoking, air pollution 

etc.), diet, aging, and various disease conditions can modulate these epigenetic marks (Onuzulu 

et al., 2023a; Yang & Schwartz, 2011). The DOHaD theory suggests that early-life experiences 

can trigger lasting epigenetic changes, potentially influencing disease susceptibility and overall 

well-being throughout an individual's lifespan. In this thesis I am mainly focus on DNA 

methylation.  

 

1.5.1 DNA methylation 

DNA methylation is the most common and well-studied epigenetic modification in the field of 

molecular biology. As previously described, this mechanism involves the addition of a methyl 

group to the DNA molecule, specifically to the 5th carbon of the cytosine ring, which results 5-

methyl cytosine. This process of DNA methylation is catalyzed by a group of enzymes known 

as DNA methyltransferases (DNMTs; DNMT1, DNMT2, DNMT3A and DNMT3B). In 

mammals DNA methylation primarily occurs at CpG sites, where cytosine is followed by 

guanine. These sites cluster in CpG islands near gene promoters. Methylation of CpG islands 

typically suppresses gene expression by impeding transcription factor binding, while 

unmethylated islands allow genes to remain active. In addition to regulation of gene expression, 

DNA methylation contributes to genomic imprinting, embryonic development, X-chromosome 

inactivation, and maintaining chromosome stability (Liyanage et al., 2014; Olynik & Rastegar, 

2012).  
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Previous research has shown that in utero and early life exposures such as smoking, air 

pollution and diabetic pregnancies etc. can have an impact on DNA methylation and can shape 

an individual’s health trajectory. For an example, in utero exposure to maternal high-fat diet 

induces changes in DNA methylation patterns in the offspring's brain and liver tissues (Vucetic 

et al., 2012). Another recent study that found variations in DNA methylation in the cord blood 

and placenta from humans exposed to GDM (Ruchat et al., 2013). More extensive methylation 

changes were observed in placenta compared to cord blood in humans. In this thesis I am 

focusing on DNAm of set of genes involve in two different pathways IGF axis and PAH 

metabolism pathway, which plays an important role in lung growth and repair, and 

detoxification of polycyclic aromatic hydrocarbons in CS.   

 

1.5.1.1 IGF Axis 

The Insulin like growth factor (Igf) signalling pathway consists of three primary ligands: 

insulin-like growth factor 1 (Igf-1), insulin-like growth factor 2 (Igf-2), and insulin. These 

ligands interact with three distinct receptors: the Igf-1 receptor (Igf-1r), the Igf-2 receptor (Igf-

2r), and the insulin receptor (Ir). Additionally, the pathway includes a family of six Igf binding 

proteins (Igfbps 1-6) (Z. Wang et al., 2018). Igf ligands transported bound to Igfbps and play 

crucial roles in modulating the availability and activity of the Igf ligands. 

 

Igf1 growth hormone axis plays a crucial role in cardiovascular disease, diabetes, malignancy 

and cognitive function (Green et al., 2014). In addition to that there are some evidence that 

explain the role of Igf1 axis in relation to lung development and its contribution to cellular 

repair processes in response to lung injury or disease (Z. Wang et al., 2018). Previous research 

has shown that there is a positive linear relation between the level of Igf1 and Igfbp3 with 

FEV1 and FVC in adulthood, the low abundance of Igf1 or Igfbp3 are associated with 

reductions in lung function (Gläser et al., 2009; Green et al., 2014). The reduced lung function 

is a major risk factor in development of COPD. Patients with acute exacerbation of COPD, has 

low serum Igf1 level (Kythreotis et al., 2009). Moreover, Igfbp3 abundance is significantly 

reduced in smokers, but not in COPD patients (Matsumura & Ito, 2020).  At 30 days of age, 

female offspring from mothers exposed to cigarette smoke had lower Igf1 and Igf1r mRNA 

levels. Furthermore, they found a sex specific differences in methylation profile in Igf1r 

promoter region (Meyer et al., 2017). Another study found a reduction of Igf1r and IR mRNA 

abundance in hippocampus of rat offspring from diabetic pregnancy at 7 days of age (Hami et 
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al., 2013). Another study found that the maternal diabetes impairs Igf1r and Ir expression in 

rabbit blastocysts (Ramin et al., 2010). Based on previous research, Igf signaling is crucial for 

lung development and differentiation, and its dysregulation is associated with COPD, 

underscoring the importance of Igf1 axis in maintaining lung health and highlighting its 

potential as a therapeutic target for managing COPD and its complications. 

 

1.5.1.2 Polycyclic Aromatic Hydrocarbon Metabolism Pathway (PAH) 

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds made up of 

carbon and hydrogen atoms, characterized by the presence of a minimum of two fused benzene 

rings (Buculei et al., 2022). PAH mainly from cigarette smoke and air pollution causes 

detrimental effects on in the lungs. PAH binds to aryl hydrocarbon receptor (Ahr) and trigger 

the transcription of enzymes which involve in PAH metabolism pathway and induce its own 

metabolism (Goedtke et al., 2021).  Some of these enzymes involve in PAH metabolism 

pathway are glutathione-S-transferases (Gstm1, Gstt1, Gstp1), cytochrome P450 1A1 

(Cyp1a1), and epoxide hydrolase (Ephx1). These enzymes are important in detoxification of 

PAH in CS. Some research has shown that these enzymes have been associated with COPD 

pathogenesis.  

 

Early-life exposures can reprogram the epigenetic landscape, making individuals more 

susceptible to cigarette smoke induced modifications later in life. The enzymes involved in 

PAH metabolism typically increase in response to CS, however in COPD, their expression is 

decreased, and DNA methylation is increased (Vucic et al., 2014). Prenatal CS exposure 

increased Cyp1a1 methylation in children and the degree of methylation positively correlates 

with the smoking intensity (Wiklund et al., 2019). Furthermore, early life CS exposure leads 

to a greater lung function impairments and DNA methylation changes to the Cyp1a1 gene upon 

re-exposure to cigarettes in adulthood (Onuzulu et al., 2023). Interestingly, Cyp1a1 activity is 

reduced in mice on a high-fat diet, indicating potential interaction between metabolic factors 

and PAH metabolism (Sadler et al., 2018). Activation of Ahr pathway, upregulates Cyp1a1 

enzyme activity, where this activation increases the production of pro-inflammatory cytokines, 

such as IL-8 and matrix metalloproteinases (MMPs), which are important in the 

pathophysiology of COPD (Churg et al., 2012; Di Stefano et al., 2004). Studies have shown 

significant downregulation of Gstp1 and Gstm1 mRNA levels in the peripheral lung tissue of 

COPD patients compared to those non-COPD. This reduced mRNA expression of these genes 

correlated with the degree of airflow limitation, suggesting a potential role in disease 
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progression (Tomaki et al., 2007). Enzymes involved in PAH metabolism, which are in the Ahr 

signalling pathway, have previously been associated with COPD and display increased 

methylation in lung tissue of patients with COPD (Ding et al., 2019; Di Wang et al., 2015). 

Changes in the DNA methylation, and expression, of these genes may relate to mechanisms 

increasing propensity to CS induced damage by reducing optimal lung function and increasing 

sensitivity to PAH in CS (PAH metabolism).  

 

1.6. Thesis Overview 

 

1.6.1 Gap of Knowledge  

Evidence from human and animal studies indicates that exposure to maternal diabetes increases 

the risk for childhood asthma, prematurity, surfactant deficiency, and lung dysfunction, which 

are known risk factors for future COPD (Dumas et al., 2022; Carrapato, 2003; Pascoe et al., 

2022; Preda et al., 2023) (Figure 2). However, it is unknown whether this link is mediated 

through established COPD risk factors, or if there is a direct link between exposure to maternal 

diabetes in utero and COPD development later in their life. Potential direct effects of maternal 

diabetes on COPD development are through alteration of lung development and airway 

dysanapsis (Ross et al., 2024) or through the activation of COPD pathogenic pathways that 

drive tissue destruction, such as protease antiprotease imbalance (Lomas, 2016). Alternatively, 

maternal diabetes may synergise the impact of environmental factors that are known to drive 

COPD pathogenesis, such as cigarette smoke. But only a small percentage of smokers develop 

COPD. There are additional factors, genetic or environmental, that can modulate the persons 

sensitivity to COPD following cigarette smoke exposure. 

   

Few numbers of human and animal studies have explored the synergistic effect of prenatal 

smoking and active smoking in adulthood on lung function and potential increased 

susceptibility towards COPD. A prospective human study from birth to age 26, found a 

synergistic effect between parental and active smoking in adulthood on early lung function 

impairment. At age 26, individuals exposed to both parental and active smoking had 

significantly reduced pre-bronchodilator FEV1/FVC levels, with a decrease ranging from 0.9-

4.8% compared to those without such exposures. No significant differences in lung function 

were observed at earlier ages (11, 16, or 22) based on parental or active smoking exposure 

(Guerra et al., 2013).  Moreover, this dual exposure to prenatal and adulthood smoking was 

associated with a greater risk of hospitalizations/death from COPD (Magnus et al., 2018). 
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Another study found that the combination exposure to maternal smoking during pregnancy and 

personal smoking in adulthood is associated with more pronounced airflow limitations in 

offspring compared to the effects comes from either exposure alone (Upton et al., 2004).  

 

  

A few animal studies also have explored the impact of environmental exposures on cigarette 

smoke sensitivity specifically, how prenatal smoking impacts the damage caused by postnatal 

smoking in offspring. Prenatal cigarette smoke exposure significantly lowers lung compliance 

and elevates lung elastance compared to their controls, an effect that is worsened with the 

addition of adolescent CS exposure (Drummond et al., 2017). The combined exposure group 

(prenatal/adolescent) had the lowest compliance value and the highest elastance compared to 

prenatal only and control exposure groups, suggesting an ability of prenatal smoking to 

augment the damage of smoking in adulthood. Another study showed that early life cigarette 

smoke exposure primes the lungs, leading to greater lung function impairments and DNA 

methylation changes to the Cyp1a1 gene upon re-exposure to cigarettes in adulthood (Onuzulu 

et al., 2023a). Early-life cigarette smoke exposure can reprogram the epigenetic landscape, 

making individuals more susceptible to cigarette smoke induced modifications when they are 

Figure 2: Early life risk factors for COPD. The link between exposure to maternal diabetes in 

utero and early life, and the risk of developing COPD in offspring later in their life. MD, 

Maternal diabetes; COPD, Chronic obstructive pulmonary disease 



22 

re-exposed later in life. From these studies, we conclude that prenatal and early life factors can 

increase the sensitivity to cigarette smoke in adulthood, potentially making individuals more 

susceptible to future COPD.  

 

Thus far, there has been no research investigating whether exposure to maternal diabetes 

can also directly influence offspring responses to cigarette smoke induced lung damage, 

a surrogate for COPD risk in future. Additionally, there are no studies have explored 

how MD affects DNA methylation and gene expression of Igf axis and PAH metabolizing 

enzymes in offspring and their sensitivity to the negative effects of CS.  

 

1.6.2 Hypothesis 

I hypothesis that exposure to MD increases offspring sensitivity to CS induced lung 

dysfunction and inflammation. In these lungs, genes relating to lung growth and repair, and 

PAH metabolism pathway will have altered gene expressions and DNA methylations. 

 

1.6.3 Objectives and Specific Aims 

 

Objective 1: To determine the effect of exposure to MD on offspring sensitivity to CS induced 

airway inflammation and lung dysfunction. 

 

Aim 1: To understand whether exposure to MD increase offspring sensitivity to CS 

induced lung dysfunction? 

Aim 2: To understand whether exposure to MD increase offspring sensitivity to CS 

induced lung inflammation? 

 

Objective 2: To understand how exposure to MD affects the Igf1 axis and PAH metabolism 

enzymes in offspring lung health. 

 

Aim 1: To understand how prenatal exposure to MD alter the DNA methylation of 

genes in Igf1 signalling and PAH metabolism in offspring? 

Aim 2: To determine how prenatal exposure to MD alter gene expression of Igf1 and 

PAH metabolism genes in response to CS? 
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2.1 Study animals 

All animal experiments were performed according to standard operating procedures and 

guidelines approved by the University of Manitoba Animal Ethics Committee (No. B2021-

011). C57BL/6NJ female mice (5-week-old) were purchased from Jakson laboratory and were 

housed in a controlled pathogen free environment (12 hours dark/light cycle). Mice were 

randomly assigned to cages with a maximum of four mice per cage and acclimatized for one 

week before the start of the experiment. Mice were fed with a special diet as described below. 

Offspring refers to mice generated by in house breeding from female mice exposed to special 

diets.  

  

2.2 Maternal diet exposure  

Six-week-old female C57BL/6NJ mice were subjected to a high-fat diet (45% kcal) for a period 

of 6-weeks to induce weight gain and glucose intolerance. During the same period, control 

female mice were given a low-fat diet (10% kcal) (Figure 3) (Pascoe et al., 2022). The contents 

of these diets are shown in Table 2. Food consumption and weight gain were monitored 

weekly. The low-fat diet contained a fat content comparable to the standard research chow diet 

commonly provided to the mice in our facility, which has a fat content of 14%. Male mice used 

for breeding were given the standard research chow diet, except when they were paired with 

females for breeding purposes.  

  

Table 2: Composition of High Fat Diet and Low-Fat Diet used to feed mice. 

  High Fat Diet Low Fat Diet 

  gm% kcal% gm% kcal% 

Protein 24 20 19.2 20 

carbohydrate 41 35 67.3 70 

Fat 24 45 4.3 10 

          

Ingredient gm kcal gm kcal 

Casein, 80 Mesh 200 800 200 800 

L-Cystine 3 12 3 12 

  

Corn Starch  72.8 291 315 1260 

Maltodextrin 10 100 400 35 140 

Sucrose 172.8 691 350 1400 
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Cellulose, BW200 50 0 50 0 

          

Soybean Oil 25 225 25 225 

Lard 177.5 1598 20 180 

          

Mineral Mix S10026   10 0 10 0 

Dicalcium Phosphate  13 0 13 0 

Potassium Citrate, 1 H2O 16.5 0 16.5 0 

Calcium Carbonate 5.5 0 5.5 0 

          

Vitamin Mix V10001 10 40 10 40 

Choline Bitartrate 2 0 2 0 

  

2.3 Glucose Tolerance Test 

At the end of six weeks of diet female mice were fasted overnight (18 hrs.) prior to the test 

date. For each mouse fasting/baseline blood glucose level was measured using blood from tail 

vein before glucose administration. After baseline measurements, freshly prepared 10% 

glucose was administered to mice by intraperitoneal (IP) injection and the appropriate glucose 

dosage was calculated based on the body weight of each mouse (10 µL/g of mouse from 10% 

glucose solution). After glucose administration, blood glucose levels were measured and 

recorded for each mouse at different time intervals (10, 20, 30, 60, and 120 minutes) using 

blood from tail vein. To measure the blood glucose levels, we used Contour® Next blood 

glucose monitoring system in our lab. Finally, data were analyzed to confirm the glucose 

intolerance. Once glucose intolerance was confirmed, the mice were bred to produce offspring. 

A maximum litter size of 6 used in this study and excess pups at birth were randomly chosen 

to collect tissues for future analysis. The same diet regimen was continued throughout 

pregnancy and until the offspring were weaned at 3 weeks of age.    

  

2.4 Offspring postnatal cigarette smoke exposure  

At three weeks of age, the mice were introduced to a standard research chow and the diet was 

continued until they reached eight weeks of age. During this period, the mice were not 

subjected to CS. At 8-10 weeks of age each litter was split into two groups, one group for CS 

and the other one for control. One group of mice were exposed to CS for 50 minutes twice a 

day, four days a week. In parallel, control mice were subjected to room air for the same length 

of time to imitate the stress associated with the exposure (Figure 3).    
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2.5 Lung function  

The mice were anesthetized using sodium pentobarbital (90 mg/kg) administered by 

intraperitoneal injection. Then the trachea was ventrally opened through the neck and a 20-

gauge polyethylene catheter was carefully inserted into the trachea. The catheter connected to 

the trachea was further connected to the flexiVent small animal ventilator (SCIREQ, Montreal, 

QC, Canada). The mice received ventilation with a tidal volume of 10 ml/kg of body weight, 

at a rate of 150 breaths per minute. At baseline Total lung resistance (Rrs), Newtonian 

resistance (Rn), Tissue damping (G), Tissue elastance (H), were measured. Readings were 

accepted only if the threshold criterion (coefficient of determination) was > 0.95. For each 

mouse 12 measurements per parameter were averaged and used for further statistical analysis.  

  

2.6 Sample Collection 

 

2.6.1 Bronchoalveolar Lavage Fluid (BALF) 

Following lung function measurements, mouse lungs were washed with Phosphate-Buffered 

Saline (PBS), 1 mL of PBS gently instilled into the lungs through the tracheal cannula using a 

syringe and aspirated to collect the lavage fluid. This was repeated twice and the BALF samples 

were kept on ice. Then samples were centrifuged at 4°C for 10 minutes at 1100 rpm. Cell-free 

Figure 3: Mouse exposures and sample collection schematic 
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supernatant was transferred to a new vial and aliquoted to 250-500 µL. These aliquots were 

stored at -80°C for later cytokine analysis. The cell pellet was used for cell differential 

assessment.  

  

2.6.2 Tissue samples   

Mouse left and right lung lobes were collected separately. The left lung lobes were removed, 

cut into small pieces using a sterile sharp scissor and placed in a 2mL tube and immediately 

flash frozen in liquid nitrogen and were stored at -80°C until used for DNA and protein 

extraction. The right lung lobes were cut out into smaller pieces and transferred into a 2 mL 

Eppendorf tube containing 1 mL of RNAlater® solution (Invitrogen by Thermo Fisher 

Scientific) and were kept at 4°C in RNAlater® for 24 h and then moved to -80°C until used for 

RNA extractions in future.  

  

2.7 Cell counts and Flow cytometry 

For quantification of total cell count and differential cells the pellet obtained from BALF was 

resuspended in 1 mL flow buffer (PBS with 0.5% BSA). The total immune cell count was 

determined using a hemocytometer.   

  

A portion of BAL cells were used for the immunophenotyping of inflammatory cells by flow 

cytometer. Cells from the mouse spleen were used to set up gating for compensation. Cells 

were collected by grinding the tissue with a syringe plunger through a cell scraper sitting on 

top of a 50 mL tube. Then the screen was flushed with 6 mL of RPMI media and centrifuged 

for 5 mins at 1200 rpm. The pellet was resuspended in 3 mL of red blood cell lysis ACK buffer 

(8.02 g of ammonium chloride, 1 g of potassium bicarbonate and 0.03 g of EDTA in 1 L of 

distilled water) and kept it on ice for 3-4 mins. After red blood cell lysis, the cells were washed 

with 10 mL of RPMI to neutralize and then centrifuged for 5 mins at 1200 rpm. Then the pellet 

was resuspended in 10 mL of flow buffer and the cell suspension was filtered using a cell 

scraper. The number of live cells were counted using TC20™ automated cell counter (Bio-

Rad) using trypan blue.  

 

2×106 cells from the spleen cell suspension and 1×106 cells from the BALF suspension were 

resuspended separately in 1 mL flow buffer and centrifuged for 5 minutes at 1200 rpm. Then 

the cell pellet was incubated on ice for 10 minutes after adding Fc blocker (100 µL per tube). 
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Next the cells were washed with 1 mL of flow buffer and samples were centrifuged. Harvested 

cells from the BALF were stained with a mixture (0.5μl each antibody/20μl flow buffer/tube) 

containing following anti-mouse Abs (Table 3) and samples used for the compensation were 

stained with single antibodies (0.5μl antibody/20μl flow buffer/tube) (Table 3). After 30 

minutes incubation with antibodies mixture, cells were washed with flow buffer and cells were 

fixed with 2% paraformaldehyde (500μl/tube) for 15 minutes. After that, again cells were 

washed with 1 mL of flow buffer and cells were harvested by centrifugation. Excess liquid was 

blotted out using a paper towel and cells were resuspended in 500μL flow buffer and stored at 

4°C until use. First the compensation was completed in the machine and then BALF samples 

labelled with granulocyte and leukocyte panels were acquired using Attune NxT acoustic 

focusing cytometer (Invitrogen by Thermo Fisher Scientific, Life Technologies Holdings Pte 

Ltd., Singapore). Finally, data were analysed using FlowJo (Version 10.8.1) software, with 

gating strategies outlined in Figure 4 for cell surface markers (Table 4). To calculate the 

absolute cell numbers for each type of cells, the percentage distribution was multiplied by the 

absolute total cell count in the BALF. 
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Table 3: Anti-mouse antibodies used to stain BALF cells (for granulocytes and Leukocytes) 

and spleen cells 

 
Granulocytes Panel Leukocytes panel Compensation/Spleen cells 

APC anti-mouse Ly6G APC anti-mouse B220 APC anti-mouse CD4 

Percp-Cy5.5 anti-mouse F4/80 Percp-Cy5.5 anti-mouse CD4 Percp-Cy5.5 anti-mouse CD4 

FITC anti-mouse CD11c FITC anti-mouse CD8a FITC anti-mouse CD4 

PE anti-mouse CD170 (Siglec-F) PE anti-mouse CD3 PE anti-mouse CD4 

PE-Cy 7 anti-mouse CD11b PE-Cy 7 anti-mouse NK1.1 PE-Cy7 anti-mouse CD4 

    APC-Cy7 anti-mouse CD4 

Figure 4: Gating strategy for flow cytometry. Differential immune cells were identified using 

the gating strategy shown above. (A) granulocyte panel and (B) lymphocyte panel. AM: 

alveolar macrophages, Eos: eosinophils, IM: interstitial macrophages, Neu: neutrophils 
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 Table 4: Cell surface markers for the identification of immune cells in granulocyte and 

leukocyte panels 

  Immune Cell Type Cell surface markers 

Granulocyte 

Panel 

Eosinophils (Eos)  CD11clow Siglec-F+ 

Neutrophils (Neu)  CD11clow Siglec-F−, CD11bhigh Ly-6G+ 

Alveolar Macrophages (AM)  CD11chigh Siglec-F+, CD11bint F4/80+ 

Interstitial Macrophages (IM)  CD11clow Siglec-F−, CD11bhigh F4/80+ 

Leukocyte Panel 

B cells  B220+ 

CD3 cells CD3+ 

CD4 cells CD3+, CD4+ 

CD8 cells CD3+, CD8+ 

Natural Killer T cells (NKT) CD3+, NK1.1high, CD3+ 

Natural Killer cells (NK)  CD3low B220-, NK1.1+ 

  

2.8 Cytokine analysis  

This study used Luminex xMAP technology for multiplexed quantification of 40 mouse 

cytokines, chemokines and growth factors.  

 

The multiplexing analysis was performed using the Luminex™ 200 system (Luminex, Austin, 

TX, USA) by Eve Technologies Corp. (Calgary, Alberta). Forty markers were simultaneously 

measured in the samples using Eve Technologies' Mouse Cytokine 32-Plex Discovery Assay®, 

MMP 5-Plex Discovery Assay®, TFG-β 3-Plex Discovery Assay® (Millipore Sigma, 

Burlington, Massachusetts, USA) according to the manufacturer's protocol.  The 32-plex 

consisted of  Eotaxin, G-CSF, GM-CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-

7, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, MCP-1, M-

CSF, MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNFα, and VEGF.  Assay sensitivities of these 

markers range from 0.3 – 30.6 pg/mL for the 32-plex. The 5-plex consisted of MMP-2, MMP-

3, MMP-8, proMMP-9, and MMP-12.  Assay sensitivities of these markers range from 1.6 – 

8.4 pg/mL for the 5-plex. The 3-plex consisted of TGF-β 1, TGF-β 2, and TGF-β 3.  Assay 

sensitivities of these markers range from 2.2 – 6.6 pg/mL for the 3-plex. Individual analyte 

sensitivity values are available in the Millipore Sigma MILLIPLEX® MAP protocol.  
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2.9 Pyrosequencing: Measuring DNA methylation of Igf1 axis and PAH 

metabolism 

  

2.9.1 DNA extraction  

Flash frozen left lung was subjected to DNA isolation. Total DNA was extracted from 25 mg 

of minced lung tissue using PureLink® Genomic DNA Kit according to the manufacturer's 

instructions as indicated in the user guide. In brief, tissue was homogenized in PureLink® 

genomic digestion buffer and Proteinase K using the TissueLyserII (Qiagen®) for 2x 20s at 

15Hz. Then the lysate was centrifuged to remove any cellular debris, and the supernatant was 

transferred to a new sterile microcentrifuge tube. Then RNAse, PureLink® Genomic binding 

buffer and 100% ethanol were added to the lysate and processed as described in the protocol. 

The sample was mixed by vortexing and then transferred to a PureLink® Spin Column in a 

collection tube to proceed to DNA binding. Then the column was washed twice with the wash 

buffers to remove any residual contaminants. Finally total DNA was eluted in 100 µL of 

PureLink® Genomic Elution Buffer. The quantity and quality of the extracted DNA were 

assessed using a Qubit 4 fluorometer (Invitrogen by Thermo Fisher Scientific) and Nanodrop 

2000 Spectrophotometer (Thermo Scientific). The extracted DNA was stored at –20 °C for 

long term storage.   

  

2.9.2 Bisulfite conversion and Pyrosequencing 

Pyrosequencing was used to quantitively estimate methylation levels at CpG sites within the 

promoter region in total of 11 genes, with the help of Dr. Meaghan Jones lab in the Department 

of Biochemistry and Medical Genetics. For this study I designed primers targeting the promoter 

region and the gene sequences of interest were obtained from UCSC Genome Browser. 

Pyromark Assay Design Software 2.0 (Qiagen) was used to design bisulfite pyrosequencing 

assays and primers. Primer sequences are listed in Table 5.  Genomic DNA (200-500 ng) was 

bisulfite-converted using the EZ DNA Methylation-GoldTM Kit (Zymo Research) as per 

manufacture’s protocol. The eluted bisulfite-converted DNA samples were quantified by 

Nanodrop 2000 Spectrophotometer (Thermo Scientific) and then diluted down to 15 ng/µl for 

PCR amplification.  

  

The region of interest was amplified by PCR with the forward and reverse primers (10 µM) 

using HotStar Taq DNA Polymerase Kit (Qiagen). We made sure that one of the primers, 
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forward/reverse was biotinylated. PCR was performed in a thermal cycler (Veriti thermal 

cycler), and each PCR reaction mixture (40 μL) included 4 uL of 10x buffer, 2.4 uL of MgCl2, 

0.8 uL of dNTPs (10mM), 0.8 uL of 10 uM of each Forward and Reverse primers, 0.2 uL of 

HotStar Taq Polymerase, 30 uL of distilled H2O and 1uL of bcDNA sample (15 ng/uL). The 

PCR reaction conditions used were as follows: 95°C for 15 minutes, 45 cycles of 95°C for 30 

seconds, 58°C for 30 seconds, and 72°C for 30 seconds, then the final extension was at 72°C 

for 5 minutes. The resulting PCR products were examined by agarose gel electrophoresis using 

a 1.5% agarose gel (1.5g of agarose in 100 ml 1X TBE buffer) with a 1kb plus DNA ladder 

(Invitrogen by Thermo Fisher Scientific). The gels were visualized under UV illumination 

using Chemi-Doc gel imager (Bio-Rad).    

  

Finally, DNA methylation was measured using Qiagen Q48 pyro sequencer. Prior to running 

all samples at once, CpG assays were validated. For bisulfite-conversion efficiency and quality 

control, Mouse High Methylated and Low Methylated DNA controls (EpigenDx) were used to 

prepare a dilution series of 0%, 25%, 50%, 75%, and 100% methylated controls for a standard 

curve and were included on each assay.  

  

2.10 qPCR: Measuring gene abundance in Igf1 axis and PAH metabolism 

 

2.10.1 RNA extraction   

Measured up to 25-30 mg of frozen right lung tissue in RNAlater and tissues were subjected to 

RNA isolation using PureLinkTM RNA Mini Kit according to the manufacturer's instructions 

as indicated in the user guide. In brief, before the process the lysis buffer was freshly prepared 

(10 µL 2-mercaptoethanol+1 mL of lysis buffer). Tissues were homogenized in 600 µL of lysis 

buffer with 2-mercaptoethanol using the TissueLyserII (Qiagen®) for 2× 2 min at 25Hz. Then 

the homogenate was centrifuged to remove any cellular debris, and the supernatant was 

transferred to a clean RNase-free tube. Then 1 volume of 70% ethanol was added to the lysate 

and samples were mixed by vortexing. Samples were transferred to the spin cartridge in a 

collection tube to proceed to RNA binding. After samples processed the spin cartridge were 

washed with Wash Buffer I. Then On-column DNase treatment was performed using 80 µL of 

PureLinkTM DNases mixture and again spin cartridge was washed with Wash Buffer I and 

Wash Buffer II to remove any residual contaminants. Finally, RNA was eluted in 50 µL of 

RNase-free water. The quantity and quality of the extracted RNA were assessed using a Qubit 
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(Invitrogen by Thermo Fisher Scientific) and Nanodrop 2000 Spectrophotometer (Thermo 

Scientific). The extracted RNA was stored at –20 °C for long term storage. 

 

Table 5: Pyrosequencing Primers, their amplicon size and targeted CpG location on promoter 

region 

Gene CpG location Primer Sequences Amplicon size 

Cyp1a1 Chr9:57687860 

 GTGTGTATAATGAAGGGAGGTAGAAT 

 ACAACACAAACCAAAATATCACC 

GGGTAGTGAGGAATAG 

100 

Igfbp1 Chr11:7197478 

 GGGAGAAATAATTGTGGGTATTGTT 

 AATCCAACTCTATCAACAAACTAC 

 AGTAGTTTAGGTTTTTTGTGAG 

201 

Igfbp3 

  
Chr11:7214484 

 TGGTTTTTTTAGGGATGGTTTATGT 

 CTAAAATTCTCCAAACCTCAAAATAATC 

 GTTTGGGAAGTTGGT 

164 

Ir Chr8:3279734 

 TTTTGGTTTTTTAGAGGAGTTAGTAGG 

 ACCAAAAAATACAAACTACCTACA 

 TGAGTTTTAGTTTAGTAGTTTGG 

134 

Ephx1 

  
Chr1:181018214 

 TGGGGATAAAGTTTGAGGGTA 

 CTCCTCCCTATACTAACCTCTACT 

 ATAGTGAAGTGTGGAAT 

194 

Gstm1 

  
Chr3:108018659 

 GGAATTTGTTATTGGGGAGGTT 

 AACCCTATTTATCTCTACCTTAAAATTATT 

 GTTATTGGGGAGGTTT 

202 

Gstp1 

  
Chr19:4038121 

 TGGTTTATAGAGTGAATTTTAGGATAGTTA 

 ACTCAACCTAAAACCTACCTATTCATCTAA 

 TGTGAGAATAGGGATAAAT 

159 

Gstt1 

  
Chr10:75799332 

 AGTTGAAAGTAGAATGTTTTTAAAGGTATA 

 AAAAACCCACAACATCCTTTACTTCTTA 

 AGGTATATTTATTTTATTTAGTGTG 

171 

Ahrr 

  
Chr13:74292734 

 GGATATTATATGGTGGATAGGTTTAGT 

 AACTACCCACACCAAAAACTTCAAAAATTC 

 GGTGGATAGGTTTAGTTTTAA 

138 

Ahr 

  
Chr12:35535360 

 GGAGGGTAGGTATTGAGATTATGATT 

 CTACAAAATAAAACCCAATTTCTTCAT 

 GTAGGTATTGAGATTATGATTAGA 

149 

 

2.10.2 cDNA synthesis  

1 ug of input RNA was converted to cDNA using the iScript Reverse Transcriptase kit. Total 

reaction volume was kept at 20uL. The thermal cycler reaction conditions used were as follows: 

5 min at 25 °C, 20 min at 46 °C, 1 min at 95 °C. At the end cDNA was diluted in TE buffer to 
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make the final concentration to 10 ng/µL by assuming 100% efficiency in conversion of RNA 

to cDNA. The generated cDNA was stored at –20 °C until use for the qPCR.  

  

2.10.3 qPCR 

Gene sequences of interest were obtained from NCBI Browser for primer design. Primer 

sequences were generated using IDT Primer Quest Tool. Additionally, NCBI Splign and Oligo 

Analyzer IDT were used to identify exon-exon boundaries in mRNA and to check for primer 

dimers respectively. Finally, the specificity of PCR primers was tested using NCBI Primer 

blast. Primer sequences are listed in Table 7. Temperature gradient RT-qPCR was performed 

to find the optimum annealing temperatures for each primer. Reaction mix was prepared for all 

qPCR reactions by adding all required components, according to Table 6 below. RT-qPCRs 

were performed in duplicates. GAPDH, YWAHZ and UBC were used as reference genes. RT-

qPCR was performed using CFX Connect™ Real-Time PCR Detection System (Bio-Rad, 

USA). The PCR reaction conditions used were as follows: 95°C for 2 minutes, 40 cycles of 

95°C for 15 seconds, 60/62.5°C for 30 seconds, then extension 95°C for 10 and 72°C for 30 

seconds, then the final extension was at 72°C for 5 minutes. The stability of the reference genes 

was determined using RefFinder (http://www.heartcure.com.au/reffinder/). The most less 

stable reference gene was excluded from the analysis. Additionally, the reaction efficiencies 

were determined from slope of amplification curve using LinRegPCR software.   

 

Table 6: RT-qPCR reaction mix volumes of each component per reaction. 

Components Volume per 20 µL 

reaction 

Final 

concentration 

Universal SYBR Green Super 

mix 

10 µL   

Forward and Reverse primers 1 µL from each 10 µM 

ddH2O 4 µL   

cDNA 4 µL 5 ng/µL 

Total reaction mix volume 20 µL   

  

 

 

 

 

http://www.heartcure.com.au/reffinder/
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Table 7: RT-qPCR primer sequences of genes used for this study and their amplicon size. 

Gene Primer Sequences Amplicon size 

Igf1 (Ta=60°C) 
F: TACTTCAACAAGCCCACAGG  

R: TCTCCAGTCTCCTCAGATCAC 
106 

Cyp1a1 (Ta=60°C) 
F: GATACCCAGCTGACTTCATTCC 

R: GGATGTGGCCCTTCTCAAAT 
144 

Igf1r (Ta=62.5°C) 
F: CACCCAGAGCATGTACTGTATC  

R: CCAACTCCGAGGCAATGTTA  
182 

Igfbp1 (Ta=62.5°C) 
F: CGACCTCAAGAAATGGAAGGA 

R: TCTCACACTGTTTGCTGTGATA  
155 

Igfbp3 (Ta=62.5°C) 
F: GATGCTCCGTGCCACATAATA  

R: CAGTTCACCACACTCACACA  
148 

Ir (Ta=62.5°C) 
F: ATCCTGGATTCTGTGGAGGA 

R: GGGCAAACTTTCTGACAATGAC  
173 

Ephx1 (Ta=62.5°C) 

  

F: GATCAAGGACTTGCACCAGA  

R: CTGCTTCCTCCAGTCAAACT 
142 

Gstm1 (Ta=60°C) 
F: CACAAGATCACCCAGAGCAA  

R: GCAATGGAACAGCCACAAAG  
175 

Gstp1 (Ta=62.5°C) 

  

F: ACCATTGTCTACTTCCCAGTTC  

R: GCTGCCCATACAGACAAGT  
145 

Gstt1 (Ta=62.5°C) 

  

F: GAGTGTGGCTATCTTGCTCTAC 

R: ACAGGGAACATCACCTTATGC  
168 

Ahrr (Ta=60°C) 

  

F: CACCAGTCTTGCCTTCTGTAA  

R: CTCCATTGCTCTTTCCTGCTA  
171 

Ahr (Ta=60°C) 

  

F: CTTCTAAGCGACACAGAGACC  

R: GGGTGGACTTTAATGCAACATC  
168 

  

2.11 Data Analysis 

All litter was culled to a maximum of 6 pups just after the birth on day one. Analysis of sex-

based differences in the offspring was performed after collection of all the data. Normality of 

residuals were assessed with D'Agostino-Pearson omnibus (K2) test along with qqplot (Prism 

GraphPad 10). When residuals were not normally distributed, data was log transformed. When 

transformation did not yield normally distributed residuals, analysis was performed on ranks 

using non-parametric tests. Sex-disaggregated analysis was done to explore differences in male 

and females individually. Here all data were expressed as mean ± standard error of the mean 

(SEM). All data analysed using two-way ANOVA with Fisher’s LSD multiple comparison test 

(Prism GraphPad 10), with maternal diet and postnatal smoke as independent variables to 
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assess the impact of these factors on lung function, inflammation, cytokine production, DNA 

methylation and gene abundance. We used five litters per diet per CS exposure, which gives 

enough sample numbers for statistical evaluation to compare the mean of each group. A 

threshold of p<0.05 was used to define the statistical significance. Data were collected from at 

least five mice per sex, per maternal exposure, per adulthood exposure (room air/CS).  
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3.1 Maternal weight gain and Glucose intolerance 

C57BL6/NJ female mice fed HFD experience a significant weight gain from week 3 onwards 

and glucose intolerance, a characteristic feature of maternal diabetes. Mice exposed to HFD 

had a 3.95± 0.77 g increase in weight gain compared to the control 1.73 ±0.43 g (Figure 5A). 

After six weeks of diet intervention, to confirm the glucose intolerance, female mice fed with 

either control or HFD were subjected to overnight fasting and performed intraperitoneal 

glucose tolerance test (IPGTT). The fasting blood glucose level was significantly increased in 

HFD-exposed mice (7.82 ± 0.82 mmol/L) indicating impaired fasting glucose compared to 

their respective controls (5.56 ± 0.82 mmol/L), P=0.02. During IPGTT, HFD-exposed female 

mice had an increased blood glucose level after 10 min of glucose administration. After 60 

mins there was a significant delay to remove glucose from the blood stream (Figure 5B). The 

area under the curve (AUC) of the IPGTT is also elevated, further signifying impaired blood 

glucose levels (Figure 5C). 

 

3.2 Offspring Morphometrics 

There was no significant difference in fertility between female mice that were exposed to HFD 

and control. Five out of eight (62.5%) from both HFD-exposed and control females were 

pregnant after initial mating. Control dams had a slightly larger litter size (8.00±0.91) than 

HFD-exposed (5.50±1.55), but all litters were culled to a maximum of 6 pups to eliminate the 

effect of litter size. Both male and female offspring from HFD-exposed mothers were 

significantly heavier at three weeks of age (male 14.84 ± 0.74 g; female 13.31 ± 0.52 g) than 

controls (male 11.51 ± 0.19 g; female 10.77 ± 0.25 g, where P=<0.0001 and P=0.0007 

respectively) (Figure 5D). At 8 weeks of age the body weight difference was only seen in 

males (offspring from HFD 25.28 ± 0.42 g; control 23.82 ± 0.54 g, P=0.02) (Figure 5E).  

 

Maternal diabetes alters lung structure in male offspring, independent of cigarette smoke 

exposure. The Pressure-Volume loop data indicates that HFD male offspring had most 

compliant lungs and higher-pressure volume loop area compared to controls (Figure 5F). In 

male deflation curve the lung volume was significantly higher in HFD offspring at pressure 

2.9, 6.8, 10.7 and 14.6 cmH2O compared with its control group. This elevation in the deflation 

limb of the PV-Loop suggests changes in the elastance of the lung and gas trapping. There are 

no differences seen between HFD and control females. Following 4-day CS exposure we have 

not seen any further differences in PV loops in either male or female offspring from control or 

HFD diet (Supplementary Figure 1). Which means this 4-day acute CS exposure may not 
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enough to change the mechanics of the lung in terms of elastance and compliance. It also 

suggests that the changes seen in the PV loop of HFD males might be due to changes in lung 

development and structure. These changes are not expected to happen after 4 days of CS.  

 

 

Figure 5: High-fat diet increases maternal body weight and promotes glucose intolerance, and 

this also associated with morphometric changes in their offspring. A: maternal weight gain over 

six weeks of diet exposure (n=5 for each group), B: Change in blood glucose concentration 

after intraperitoneal injection with glucose (glucose tolerance test), C: Area under the curve for 

glucose tolerance test (AUCglucose), D: Offspring body weight at 3 weeks of age, E: Offspring 

body weight at 8-10 weeks of age. F: PV-loop for male offspring in response to HF diet, G: 

PV-loop for female offspring in response to HF diet. Data on the descending curve are fitted to 

the Salazar–Knowles’ equation: V = A − Be-KP, to get the best fitted values for k and A. k 

defines the curvature of the line, A is an estimate for inspiratory capacity, V and P stand for 

volume and pressure respectively. *P<0.05 N=5-7 offspring per group. In graph F and G, the 

dash line shows the ascending curves, and the solid line shows the descending curves. 

 

3.3 Lung function measurements in offspring  

Lung function was assessed at 8-10 wks of age for all the mice. There were no significant 

differences observed in lung function parameters between offspring from control and HFD 
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exposures in the absence of CS. However, when these mice were exposed to acute 4-day CS, 

we observed alterations in lung function metrics. Specifically, CS exposure significantly 

increased total lung resistance by 14% (1.03 ± 0.05 cmH2O.s/mL) (Figure 6A) and Newtonian 

resistance/small airway resistance by 18% (0.57 ± 0.02 cmH2O.s/mL) (Figure 6B) in male 

offspring from HFD-fed mothers compared to HFD controls (0.91 ± 0.05 cmH2O.s/mL and 

0.45 ± 0.02 cmH2O.s/mL respectively). The increase in total lung resistance and Newtonian 

resistance was seen relative to both the HFD-control, and control-CS, indicating an interaction 

between diet and smoke, where the Newtonian resistance as significant (p = 0.002). In HFD 

females the total lung resistance and Newtonian resistance was numerically increased, but no 

significant changes were seen in response to CS exposure (Figure 6G & H). Furthermore, no 

significant effects found on other lung function parameters (Figure 6) in response to acute CS 

in either control or HFD offspring.  
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3.4 Sex Related Differences in Immune Cell Profile 

I examined total cell counts and differential cell profiles using BALF samples collected from 

offspring at 8-10 weeks of age. In the absence of CS, no statistically significant differences 

were observed in cell counts between offspring from control and high-fat diet (HFD) dams. 

Figure 6: Maternal diabetes exacerbates CS induced lung dysfunction in 8-week-old offspring. 

Lung function parameters were altered in a sex-specific manner in response to CS exposure. (A, 

G) Total lung resistance, (B, H) Newtonian resistance/small airway resistance, (C, I) Tissue 

damping, and (D, J) Tissue elastance, (E, K) Inspiratory capacity, (F, L) Hysteresivity at baseline 

in male (A-F) and female (G-L) offspring. Lung function was measured 24 hours after the last CS 

exposure. Each dot represents an individual mouse. Data were analysed in a sex-disaggregated 

manner, with statistical significance determined using Two-way ANOVA with Fisher’s LSD 

multiple comparison test (*P≤ 0.05). N=5-7 per group. 
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However, upon exposure to a 4-day acute CS challenge, the differences became more 

pronounced. I observed that smoke exposure significantly affects total cell counts (p = 0.03) 

regardless of diet. Both males and females showed increased total cell numbers due to CS 

exposure (Figure 7A & B). Male HFD-CS offspring had a significantly elevated total immune 

cell induction compared to their control counterparts (Male HFD-CS had 61430 cells, a 2.14-

fold increase from HFD-control, p=0.03). In both control males and females, no significant 

differences were seen after the CS challenge. 

 

 

 

Figure 7: Maternal diabetes alter immune cell infiltration in lung in response to CS. 

Total cells in males (A) and females (B). Dumbbell charts illustrate CS-induced fold 

changes in immune cells for (C) male and (D) female offspring from control and HFD 

mothers. The y-axis represents immune cells, x-axis represents the log2 fold change of 

mean of immune cells in BALF. Black points represent the control group (Control-

CS/Control), and pink points represent the HFD group (HFD-CS/HFD-Control). 

Overlapping points indicate no difference between groups and were excluded from 

statistical analysis (see Figure 8 for statistical details). N=5-7 per group. The red 

highlighted boxes indicate significant differences found in cells, based on two-way 

ANOVA with Fisher’s LSD multiple comparison test. 
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In all offspring, alveolar macrophages were the most abundant immune cell type, (over 40% of 

total cells), but with no significant exposure or sex-specific variations. To quantify the fold 

changes in differential cell counts in response to CS challenge, we calculated the ratio of each 

cell count for CS-exposed mice relative to the average cell count of their respective control 

counterparts. Male HFD offspring exposed to CS had significantly elevated Natural Killer T 

cells (+339%, p=0.03) and B cell counts (+332%, p=0.0004) compared to control HFD, and B 

cells were also significantly higher in HFD-CS than control-CS (+200%, p=0.007) (Figure 8A 

& B).  The difference we see in neutrophil count in male HFD-CS offspring (Figure 8C) is 

largely being driven by three samples with high numbers.  Also, both CD4 cells (+155%, 

p=0.14) and CD8 cells (+376%, p=0.23) were higher in HFD males compared to control diet, 

but with no difference after CS exposure (Figure 8D & H).    

 

In female HFD offspring, there is a suppression of specific immune cells compared to control. 

After a 4-day CS challenge, HFD females showed significant reductions in Neutrophils (-

32%,), CD4+ T cells (-21%), and Natural Killer (NK) cells (-47%) (p=0.03) compared to 

control CS (Figure 8K, L & M).  The difference we see in NKT cell count in female control-

CS offspring (Figure 8I) is largely being driven by two samples with high numbers. The 

increase of CD4+ T cells in HFD males and, reduction of CD4+ T cells in HFD females seen 

relative to control diet, independent of smoke exposure. This might hint a potential diet-related 

effects on CD4+ T cell accumulation. Alveolar macrophage accumulation increased with 

smoke exposure and females seemed to have a trend towards smoke effect (p=0.07). No real 

differences were observed in Eosinophil and CD8 cell counts in male offspring. But females 

had higher Eosinophil and CD8 counts than males, and HFD females showed reduced levels 

of these cell types in response to CS. Overall, males exhibited augmented immune responses, 

while females had suppressed immune responses. These findings suggest that the maternal 

diabetes may modulate responses to cigarettes in early adulthood in a sex-specific manner.  
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Figure 8: Exposure to maternal diabetes alter immune cell infiltration in offspring following 

4-day CS challenge. HFD males have an augmented immune response to CS and HFD females 

have a suppressed immune response to CS. Upper panels (A-H) represents male offspring and 

lower panels (I-P) represents female offspring. (A,I) Natural killer T cells/mL, (B,J) B 

cells/mL, (C,K) neutrophils/mL, (D,L) CD4 cells/mL, (E,M) Natural killer cells/mL, (F,N) 

Alveolar macrophages/mL, (G,O) Eosinophils/mL, (H,P) CD8 cells/mL lavage. BALF samples 

were collected 24 hrs after the last exposure and data were normalized to the lavage volume. 

Here each dot represents an individual mouse. Analysis was done in a sex disaggregated 

manner, with smoke and diet as the factors. Statistical significance was determined using Two-

way ANOVA with Fisher’s LSD multiple comparison test (*P≤0.05). N=5-7 per group. 
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3.5 Sex related differences in Cytokine profile 

To define sex-specific differences in the lung cytokine profile, we quantified the abundance of 

cytokines, chemokines and MMPs in mouse BALF samples. From downstream analysis, 27 

mediators were included in the analysis.  We observed sex- and exposure-specific variations in 

the cytokine profile at baseline and following a 4-day CS challenge. 

 

Statistical analysis revealed that diet exposure significantly affected MMP-12 abundance (-

51%, p value for diet p=0.002) in males and MIG/CXCL9 abundance (+268%, p value for diet 

p=0.007) in females, independent of smoke exposure. CS exposure significantly influenced 

Eotaxin and IL-1α abundance in both males and females (Figure 10). In female mice, Eotaxin 

abundance had a trend towards smoke effect (p=0.09). A significant interaction effect on IL-

1α abundance in BALF was observed in both males and females (p=0.04). Following CS 

challenge, Eotaxin abundance significantly decreased (-55%, p=0.01) in control male offspring 

(Figure 10A), while IL-1α (+211%, p=0.004) and TGF-β1(+168%, p=0.03)  were significantly 

increased (Figure 10B & H). In control female offspring, CS challenge led to a significant 

increase in Eotaxin (+199%, p=0.004) (Figure 10I) and a significant decrease in IL-1α (-45%, 

p=0.005) (Figure 10J). These results indicate sex-specific differences in Eotaxin and IL-1α 

profiles in control offspring in response to CS. These CS induced changes seen in the control 

animals, were blunted across both male and female HFD exposed offspring. No significant 

differences were observed in the abundance of MCP-1, MIP-1α, and MMP-3 in BALF for 

either sex at baseline or following CS exposure (Figure 10).  
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Figure 9: Maternal diabetes modifies the responses to CS and alter cytokine abundance in 

offspring lung. Dumbbell charts illustrating CS-induced fold changes in cytokine abundance 

for (A) male and (B) female offspring from control and HFD mothers. The y-axis represents 

individual cytokines analysed, while the x-axis shows the log2 fold change of median cytokine 

abundance in BALF of C57BL/6NJ mice. Black points represent the control group (Control-

CS/Control), and pink points represent the HFD group (HFD-CS/HFD-Control). Overlapping 

points indicate no difference between groups and were excluded from statistical analysis (see 

Figure 10 for statistical details). N=5-7 per group. The red highlighted boxes indicate 

significant differences found in cytokines, based on two-way ANOVA with Fisher’s LSD 

multiple comparison test. 



48 

 

Figure 10: Maternal diabetes induces sex-specific alterations in offspring lung cytokine 

abundance following 4-day CS exposure. Eight-week-old offspring from diabetic pregnancies 

exhibited sex-specific differences in their cytokine profiles. Panels show cytokine abundance 

in BALF (pg/mL) of: (A, I) Eotaxin, (B, J) IL-1α, (C, K) MIG/CXCL9, (D, L) MCP-1, (E, M) 

MIP-1α, (F, N) MMP-12, (G, O) MMP-3, and (H, P) TGF-β1. Upper panels (A-H) represent 

male offspring, while lower panels (I-P) represent female offspring. Data were not normalized 

to lavage volume due to lack of correlation between cytokine abundance and lavage volume. 

Each dot represents an individual mouse. Analysis was conducted in a sex-disaggregated 

manner, with statistical significance determined using Two-way ANOVA with Fisher’s LSD 

multiple comparison test (*P≤ 0.05). N=5-7 per group. HFD, high-fat diet.  



49 

3.6 DNA Methylation and Gene Expression 

In this study we investigated DNA methylation (DNAm) differences at CpG sites in the 

promoter regions of 11 genes in the lung tissue of 8 to 10-week-old offspring to study the effect 

of maternal diabetes on offspring lung health (Figure 8). No significant differences were 

observed in DNAm of offspring from diabetic pregnancy compared to the control. However, 

we found a significant sex-specific effect on Ahrr DNAm at CpG [Chr13:742927342] (p=0.03) 

regardless of the diet. Ahrr DNAm was significantly higher in control males (88.95 ± 1.04%) 

than in control females (86.63 ± 1.04%), p=0.04. In both male and female offspring from 

diabetic pregnancy, we observed numerically reduced methylation in Cyp1a1, Ephx1, Gstp1, 

Igfbp3, and Gstm1 in the lung compared to their respective controls that did not reach 

significance. Offspring exposed to maternal diabetes had numerically, but not significantly, 

increased Igfbp1 DNAm, regardless of sex. Also, we combined both male and female samples 

together to increase the power, where there were no apparent sex specific differences in the 

responses. There were no significant differences were seen in DNAm in offspring from HFD 

dams compared to control (see supplementary figure 2).   

 

Next, we measured gene expression of the Igf axis and PAH metabolism genes. Statistical 

analysis revealed that both diet (p=0.02) and cigarette smoke (CS) exposure (p=0.01) 

significantly affected Igfbp3 gene abundance in males. In females, there was a trend towards a 

smoke effect (p=0.08). Male HFD offspring (-0.53 log2 fold change, p=0.03) had a significant 

reduction in Igfbp3 abundance compared to control males. Following CS exposure, Igfbp3 gene 

abundance further decreased in both sexes. CS exposure significantly reduced Igfbp3 in control 

males (-0.58 log2 fold change, p=0.03) but did not reach statistical significance in females 

(p=0.33). CS exposure significantly influenced Cyp1a1 abundance in both males and females 

(p=0.0001 and p=0.009 respectively), regardless of diet exposure. In male control (+2.76 log2 

fold change, p<0.0001) and HFD (+1.62 log2 fold change, p=0.008) offspring showed a 

significant increase in Cyp1a1 levels in response to CS, compared to their relative controls. 

This fold induction is less in HFD males than the controls (2-fold difference in induction). In 

male offspring, Ahr and Gstt1 showed a trend towards an interaction effect (p=0.06 and p=0.09 

respectively) with HFD-CS showing a decrease Ahr abundance and an increase Gstt1 

abundance relative to HFD control. In females, Ephx1 demonstrated a significant interaction 

effect (p=0.03) and diet effect (p=0.02). Additionally, HFD females exhibited a significant 

induction of Ephx1 abundance following CS exposure (0.79 log2 fold difference, p=0.01). 
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Figure 11: Maternal diabetes alters DNAm and gene expression in offspring. (A) illustrates 

the HFD induced DNAm changes in Igf axis and PAH metabolizing enzymes.  Y-axis 

represents individual genes, while the x-axis shows the CpG methylation percentage difference 

(percentage methylation in HFD-percentage methylation in control). Green points represent 

males, and yellow points represent the females (N=4 per each exposure group). CS induced 

fold changes in gene abundance in Igf axis and PAH metabolizing enzymes (B) male and (C) 

female offspring from control and HFD fed dams. Y-axis represents individual genes. X-axis 

shows the Log2 fold change of gene expression. Black points represent the control group 

(Control-CS/Control), and pink points represent the HFD group (HFD-CS/HFD-Control). 

Overlapping points indicate no difference between groups, and points lied on or around x=0 

means there’s no differences in fold change, so those were excluded from statistical analysis 

(see Figure 12 for statistical details). N=5-7 per group. The red highlighted boxes indicate 

significant differences found, based on two-way ANOVA with Fisher’s LSD multiple 

comparison test. 
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Figure 12: Maternal diabetes alters offspring DNA methylation and gene expression in Igf axis 

and PAH metabolizing enzymes following 4-day CS exposure. (A) Cyp1a1 percentage DNA 

methylation in offspring lung at 8-10 weeks of age; Cyp1a1 gene expression in offspring lung 

(B) male, (C) female. (D)  Ephx1 percentage DNA methylation in offspring lung; Ephx1 gene 

expression in offspring lung (E) male, (F) female. (G)  Igfbp3 percentage DNA methylation in 

offspring lung; Igfbp3 gene expression in offspring lung (H) male, (I) female. (J)  Ahr 
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percentage DNA methylation in offspring lung; Ahr gene expression in offspring lung (K) 

male, (L) female. (M)  Gstt1 percentage DNA methylation in offspring lung; Gstt1 gene 

expression in offspring lung (N) male, (O) female. (P)  Ahrr percentage DNA methylation in 

offspring lung; Ahrr gene expression in offspring lung (Q) male, (R) female. Lung tissues were 

collected after 24 hrs of last CS exposure. Here each dot represents an individual mouse. 

statistical significance determined using Two-way ANOVA with Fisher’s LSD multiple 

comparison test (*P≤ 0.05). DNAm was analysed using diet and sex as the factors. Gene 

expression analysis was conducted in a sex-disaggregated manner, with diet and smoke as the 

factors. N=5-7 per group. HFD, high-fat diet. 
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CHAPTER 4: DISCUSSION 
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COPD is a significant global health concern, with smoking identified as its primary cause. 

However, emerging research points toward the critical role of early-life exposures in shaping 

lung development and influencing COPD risk later in life. This paradigm shift underscores the 

importance of understanding the impact of environmental stressors during pregnancy and 

childhood, including exposure to tobacco smoke, air pollution, pre-term birth, 

bronchopulmonary dysplasia, and childhood asthma. Notably, maternal diabetes during 

pregnancy has been linked to impaired fetal lung development and other risk factors for COPD 

development, suggesting that it may be a potential risk factor for COPD that has yet to be 

explored. Studying the influence of environmental factors on lung health in adulthood is 

challenging in people due to the extended time between the prenatal period and the diagnosis 

of COPD (more than 50 years), and the potential for additional confounding exposures during 

this period. The use of animal models and controlled environmental exposures can provide 

important experimental support long-term human cohorts for this research. It is also important 

to recognize that genetic (heritability) factors play a crucial role in COPD pathogenesis, 

emphasizing the need for a comprehensive understanding of the interplay between genetics and 

environmental exposures.  

 

From previous studies, we know that prenatal and early life factors can increase the sensitivity 

to cigarette smoke in adulthood, potentially making individuals more susceptible to future 

COPD (Drummond et al., 2017; Onuzulu et al., 2023; Upton et al., 2004). Up to date there is 

no research on whether exposure to maternal diabetes can also directly influence offspring 

responses to cigarette smoke, as a mechanism for future COPD. To our knowledge this is the 

first study to investigate the relationship between exposure to MD and risk for COPD later in 

life. Using a mouse model of prenatal diabetes, I explore changes in offspring sensitivity to CS 

induced lung damage.   

 

In this study we observed that the exposure to maternal diabetes increase total lung resistance 

and Newtonian resistance in HFD male offspring following CS, suggesting that HFD males are 

more susceptible to CS induced lung dysfunctions. In terms of inflammation, we found HFD 

males seems to have an augmented inflammatory response (elevated B cells, NKT cells and 

IL-1α) and HFD females seems to have an immune suppression (reduction of neutrophils, 

CD4+ T cells, NK cells and IL-1α) following acute CS exposure.  Hinting at a possible 

mechanism, we found changes in gene expression relating to lung growth and repair, and 
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Polycyclic Aromatic Hydrocarbon (PAH) metabolism pathway were altered in HFD offspring 

in response to CS.  

 

Glucose tolerance test is the most used test to quantify glucose intolerance and diabetes in a 

genetically modified or diet induced mouse model. Previous research shows that HFD fed 

female mice and rats (dams to be) have significantly increased maternal body weight, weight 

gain, and fasting blood glucose, and impaired glucose and insulin tolerance prior to breeding 

compared to control mice (Liang et al., 2010; Pascoe et al., 2022; Pereira et al., 2015). I see 

similar glucose intolerance and weight gain in the dams this study, confirming establishment 

of the model. 

  

Current literature shows that, exposure to maternal HFD alters offspring lung function 

parameters including total lung resistance, lung compliance, inspiratory capacity, tissue 

damping and elastance (Griffiths et al., 2016; Heyob et al., 2019; Pascoe et al., 2022). The basal 

differences we have seen in this study are different from previously published results by our 

group. That may be related to differences in offspring body weight in this study and previous 

study, as we know there is a correlation between these lung function parameters and offspring 

body weight. In this study we found male specific differences in lung function in response to 

CS exposure. Male offspring from diabetic pregnancy had significantly increased total lung 

resistance and Newtonian resistance following CS. Total lung resistance represents a 

combination of lung resistance (airway resistance plus lung tissue resistance) and the resistance 

of the chest wall (Czovek, 2019). Newtonian resistance represents the resistance of the 

conducting airways (Cahill et al., 2022). Thus, the increase of this parameter suggests an airway 

narrowing. This could be due to mucus plugging (B. K. Huang et al., 2024) or active airway 

narrowing in response to CS (Higenbottam et al., 1980). So, males from HFD background have 

more airway narrowing in response to CS than do controls, which may cause breathing 

difficulties. We also find that males have altered lung compliance if they were exposed to 

maternal diabetes in utero.  Measured with a PV-loop, the deflation curve is elevated, indicating 

gas trapping, possibly due to changes in lung compliance and elastic recoil in the lung. This is 

classically emphysema, which is characterized by enlargement of air spaces, increased lung 

compliance and decreased elastic recoil. Based on our lung function data, males seem to be 

more susceptible to emphysematous and bronchitic changes in COPD when exposed to 

maternal diabetes.  
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COPD is also characterized by lung inflammation that can contribute to progressive and 

irreversible airflow obstruction. In this study I demonstrated HFD influenced CS induced 

inflammatory responses in a sex specific manner. Males have heightened inflammatory 

response from total cells, B cells, and NKT cells, as well as some specific cytokines and 

chemokines. Females appear to have broad immune suppression in neutrophils, NK cells, CD4 

cells, and IL-1α. Inflammation is believed to be the central for COPD, and this mainly 

characterized by infiltration of immune cells including neutrophils, macrophages and 

lymphocytes (Rennard, 2007; Y. Wang et al., 2018). These infiltrating immune cells release 

inflammatory mediators such as cytokines and chemokines (IL-1, IL-4, IL-5, IL-8, TNF-α, 

MMPs, TGF-β, MCP-1), as well as destructive enzymes, where these lead to lung destruction 

in COPD (Y. Wang et al., 2018). 

 

Neutrophils are the most prevalent inflammatory cells found in the lumen and bronchial wall 

of a COPD patient (Hoenderdos & Condliffe, 2013). Rate of lung function decline correlates 

with airway neutrophilia (Stǎnescu et al., 1996). In smokers elevated neutrophil counts in the 

sputum is correlated with high resolution computed tomography measurements of peripheral 

airway dysfunction (O’Donnell et al., 2004). Furthermore, elevated neutrophilic inflammation 

is a hallmark of acute COPD exacerbations (Gompertz et al., 2001). Additionally, neutrophil 

count in the lung is dramatically increased in smokers compared to non-smokers (O’Donnell 

et al., 2004). In this study I have seen elevated neutrophils only in female offspring from control 

diet after CS. I saw no increase in neutrophils in HFD female in response CS, instead, there 

was a significant reduction of neutrophils in HFD-CS females compared to the control-CS 

females. The reduced neutrophils in females have not been explored in human COPD. It is 

unclear whether this suppression is beneficial or detrimental to COPD development. Neutrophil 

depletion during CS exposure led to a drastically increased pro inflammatory cytokines release 

in lung. The elevated MMP-12 suggest that neutrophil depletion leads to an enhanced 

macrophage activity, leading to an exacerbated inflammatory response (Milad et al., 2021). 

The possibilities for the impairment that we have seen in this study could be an impairment of 

neutrophil migration or early/delayed peak response. Neutrophil migration to the lung 

following allergen peaks at 8-hours, and may follow similar kinetics with cigarette smoke, in 

which case we have missed the peak in our data (Piyadasa et al., 2016). It is also possible that 

there is increased apoptosis of neutrophils in female offspring from diabetic pregnancy. Further 

studies need to understand the underlying mechanism for neutrophilic suppression in female 
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HFD-CS offspring. Also, IL-1α promotes neutrophilic infiltration into the site of infection and 

it is unclear whether the neutrophilic suppression I have seen here is related to the supressed 

IL-1α noted in my results.  

 

B cells play a vital role in COPD pathophysiology. They have both beneficial and deleterious 

activities in COPD. B cells help to eliminate pathogens by activating the adaptive immune 

responses during acute exacerbations (Polverino et al., 2016).  Beyond protecting against 

pathogens, B cells also known to produce autoantibodies. Where these autoantibodies act 

against lung tissues and extracellular matrix proteins leading to lung inflammation and tissue 

damage in COPD patients (Feghali-Bostwick et al., 2008; S. H. Lee et al., 2007; Núñez et al., 

2011; Polverino et al., 2016). Additionally in a COPD lung, B cells promote the production of 

pro inflammatory cytokines such as IL-6 to further contributing to the disease progression 

(Polverino et al., 2016). Both animal and human studies have shown B cells are more strongly 

linked to the emphysema phenotype (Polverino et al., 2016). Increased number of B cells were 

reported in COPD small airways (Hogg et al., 2004) and large airways (Gosman et al., 2006) 

and correlated with COPD severity. In this study I found an elevated number of B cells in lung 

lavage of male HFD offspring following acute CS exposure. This increased B cells may 

promote chronic lung inflammation and destruction of lung tissues, suggesting male offspring 

from diabetic pregnancies are more susceptible to CS induced lung damages. Increased number 

of B cells correlate with number and size of lymphoid follicles in severe COPD (Polverino et 

al., 2015). So, in future we could assess B cell-derived autoantibodies and number/size of 

lymphoid follicles in lung to provide additional evidence for B cell involvement in 

development of COPD.   

 

In this study I showed, at baseline (no CS) female offspring from diabetic pregnancy had 

increased the abundance of pro inflammatory mediators such as Eotaxin and MIG but reduced 

IL-1α in the lung lavage. Eotaxin is a selective eosinophil chemoattractant, and it is elevated 

in COPD patients and, more classically, asthma (Eltboli & Brightling, 2013). Increased levels 

of eotaxin may suggest a potential for eosinophilic inflammation in HFD-females. In COPD, 

elevated eosinophils may be related to co-existing asthma and may be a therapeutic target for 

reducing COPD exacerbations in a subset of high eosinophil-COPD (Eltboli & Brightling, 2013; 

Jose, 2018). In our model, CS in control animals increased eotaxin in females and reduced in 

males. Interestingly, these sex specific changes were blunted in HFD exposed offspring, with 
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both sexes showing no changes in eosinophils following CS, but females still showing 

elevation overall. Therefore, females exposed to HFD may have elevated eosinophil related 

inflammation that changes the inflammatory response to CS.  

 

CXCL9/MIG (Monokine induced by interferon-γ) is a chemokine, mainly produce by alveolar 

macrophages (Donnelly & Barnes, 2006) and bronchial epithelial cells (Sauty et al., 1999). 

CXCL9/MIG act on CXCR3 receptor to attract T-lymphocytes and B-lymphocytes into the 

lung (Henrot et al., 2019). A human study found that CXCL9 concentration was increased in 

the sputum of COPD patient compared to nonsmokers and correlated with neutrophils (Costa 

et al., 2008). Another study reported both CXCL9 and its receptor CXCR3 are highly expressed 

in T cells and B cells in the lung lymphoid follicles of COPD patients. CXCR3 expression 

progressively increases with worsening COPD and inversely correlated with FEV1 (Kelsen et 

al., 2009). In this study I found significant elevation of MIG only in female offspring from 

diabetic pregnancy, independent of smoke exposure. This might suggest a potential for B cell 

and T cell (CD4+ T cell, CD8+ T cell) inflammation in the lungs of females exposed to HFD in 

utero. But I did not see any changes in B cell and T cell population in HFD females at baseline 

(no CS). This may be due to impairment of B cell and T cell migration from lung tissues to the 

lavage or may be due to early/delayed activation. CXCL9 is a secreted marker of M1 

macrophages, which tend to be proinflammatory (Través et al., 2012). But it is unclear whether 

maternal diabetes alter the inflammatory state of macrophages in the lung.  

 

IL-1α is a proinflammatory cytokine that plays an important role in the initiation and 

persistence of inflammation in COPD (Botelho et al., 2011). Most of the previous studies has 

demonstrated the role of IL-1β in COPD disease progression. But involvement of IL-1α and its 

role in COPD development remains less explored. In 2011, Botelho and others reported 

elevated levels of IL-1α and IL-1β in COPD patients and found a strong correlation between 

IL-1α and IL-1β in sputum samples from COPD patients with stable disease and at different 

acute exacerbation episodes (Botelho et al., 2011). This finding highlights the importance of 

IL-1α in COPD. Regardless of the sex, offspring from maternal GDM showed a lowest 

circulating IL-1α compared to its control counterparts (Mihalovičová et al., 2023). Similarly, I 

found a significant reduction of IL-1α in lung lavage specifically in HFD females, but not 

males, which may suggest a sex specific variation. Acute 4-day CS exposure significantly 

increases IL-1α in lung homogenates, and CS induced neutrophilia is dependent on IL-1α in 
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both acute and chronic CS exposure models (Botelho et al., 2011; Nikota et al., 2014). My 

results corroborate these findings in males, demonstrating that acute CS exposure significantly 

increases IL-1α level in active smokers of the control diet. However, IL-1α was significantly 

reduced in females following CS, a novel sex-specific finding. Interestingly no differences 

were seen in diabetic groups in response to CS, suggesting a blunting of the respective 

responses in control male and female offspring. It is unclear the mechanisms underlying these 

sex specific differences. Further research needs to investigate whether these changes are 

beneficial or detrimental in COPD pathogenesis. Furthermore, the reduced IL-1α in females 

has not been explored in human COPD. That is, whether this same reduction is seen in female 

smokers or COPD.  

 

In this study I also demonstrated a suppression of CD4+ T helper cells in the lung lavage of 

female HFD-CS offspring compared to control-CS group. So, this suppression could be really 

a broad suppression of immune response in HFD-female or could be a delayed activation of 

CD4+ T cells in which case I have missed the peak. CD4+ T cells activate and, further 

differentiate into various T cell subsets including regulatory T (Treg) cells, T-helper (Th) cell 

types of Th-1, Th-2, Th-17 and Th-22. Among these Th-1, Th-2, Th-17 are closely linked with 

COPD (Brozyna et al., 2009; Bruzzaniti et al., 2019; Di Stefano et al., 2009). These cells 

specifically produce pro inflammatory cytokines and promote airway inflammation (Qin et al., 

2022). CXCR3 receptor chemokines such as CXCL9, CXCL10 are important in recruiting CD4 

T cells to the site of inflammation (Barnes, 2009). So, in future studies we could assess the 

level of these chemokines, to explain their involvement in the reduction of CD4 T cells in our 

experimental model. Furthermore, this CD4+ T cell reduction could be due to CD4/CD8 

skewing. The ratio of CD4:CD8 is a good indicator of immune responses and T lymphocyte 

population (Bai et al., 2019). An altered CD4:CD8 ratio indicates impaired immune responses 

and shifts in T cell populations. Measuring the factors influencing CD4/CD8 skewing would 

be beneficial to have a better understanding of the mechanisms behind the reduction of CD4+ 

T cells in HFD offspring. 

 

I also demonstrate an impairment of NK and NKT cell infiltration in individuals from diabetic 

pregnancy following 4-day CS challenge. Male offspring had higher NKT cell number whereas 

female offspring has supressed NK cell compared to the typical responses seen in control 

groups. NK and NKT cells produce pro inflammatory cytokines and play an important role in 

maintaining immune system homeostasis (Hervier et al., 2019; Hodge et al., 2013).  COPD 
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patients have higher numbers of NK and NKT cells, which suggests that these cells play a 

major role in the elevated levels of pro-inflammatory cytokines that have been linked to COPD 

(Hodge et al., 2007). TNF-α is a pro inflammatory cytokine known to be involved in the 

development of COPD (Barnes et al., 2003). It has been demonstrated that it’s induction in the 

lung can cause emphysema in a mouse model (Churg et al., 2004). TNF-α induce the 

production of IFN-γ from T cells and activate Immune cell infiltration (Hodge et al., 2013). 

One study demonstrated that CS could stimulate NK and NKT cells to produce IL-17A, where 

IL-17A is a proinflammatory cytokine that regulate neutrophilic inflammation in the airways 

and lung remodelling (Ritzmann & Beisswenger, 2021). Another study found a negative 

correlation between IL-17A concentration in serum and FEV1% predicted in COPD patients 

(Zou et al., 2017). Taken together, these cytotoxic NK and NKT cells may contribute to lung 

function impairment, lung injury, thereby playing a role in the pathogenesis of COPD.  

 

Previous studies have shown that in-utero exposure to CS alter DNAm changes in newborn 

umbilical cord blood, placenta, nasal epithelia, lung tissues and adult pheripheral blood 

granulocytes (Breton et al., 2009; Joubert et al., 2016; K. W. K. Lee et al., 2015; Onuzulu et 

al., 2023b; Reddy et al., 2021; Suter et al., 2011). Similarly, some other studies also have shown 

maternal diabetes associated with DNAm in placenta, cord blood and pancreatic cells (Finer et 

al., 2014; Howe et al., 2020; Słupecka-Ziemilska et al., 2020).  However, up to date there are 

no studies to measure the effect of maternal diabetes exposure and early adult smoke exposure 

in the lung.  In this study I measured changes in DNA methylation in the promoter regions of 

Igf1, insulin receptor (Ir), Igfbp1, Igfbp3 (Igf1 signaling axis) and Cyp1a1, Ephx1, Gstm1, 

Gstt1, Gstp1, Ahr, and Ahr repressor (PAH metabolism axis). Igf1 members and PAH 

metabolism enzymes are normally induced by CS exposure to promote tissue repair and 

detoxify PAH respectively. In this study I found maternal diabetes did not significantly alter 

DNAm in offspring lung at our selected CpGs in promoter regions of the genes involved in Igf 

axis and PAH metabolism pathway. However, I did find significant changes in the abundance 

of a key gene related to lung growth. 

 

Cytochrome p450 A1 (CYP1A1) is one of the main enzymes in human lungs and known to be 

primarily responsible for metabolism and activation of procarcinogens and xenobiotics found 

in the cigarette smoke and environmental exposures. HFD offspring showed a slight, but not 

significant decrease in Cyp1a1 DNAm, which might suggest a potential for higher gene 
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expression in offspring lung. Previous studies have found that the expression level of CYP1A1 

was significantly higher in smokers compared to its control non-smokers (J. H. Kim et al., 

2004; Mollerup et al., 2006). Our results align with these findings, and I observed a higher 

level of Cyp1a1 abundance in both control and HFD mouse lung challenged with CS. Changes 

in Cyp1a1 expression showed no relation to maternal diabetic exposure.  Detoxification is the 

physiological function of Cyp1a1. Cyp1a1 produce ROS during its catalytic cycle (Haag et al., 

2002; Puntarulo and Cederbaum 1998) and is linked with oxidative stress (Park et al., 1996; 

Shertzer et al., 1998). Oxidative stress promotes chronic lung inflammation and stimulate 

mucus secretion which contributes to airway obstruction in COPD patients (Barnes, 2022).  

 

The results of this study highlight a suppression of Igfbp3 mRNA abundance in HFD-male 

offspring at baseline and after challenged with acute CS exposure. Igfbp3 is involved in Igf1 

axis, and evidence suggests that Igfbp3 play a crucial role in lung development and cellular 

repair processes in response to lung injury (Z. Wang et al., 2018). There is a positive correlation 

between Igfbp3 level and FEV1 and FVC in adulthood (Gläser et al., 2009). Low levels of 

Igfbp3 are linked with lung function reductions (Gläser et al., 2009; Green et al., 2014) where 

impaired lung function is a hallmark feature of COPD pathophysiology. Further, Igfbp3 play a 

role in the production of extracellular matrix components in the lung (Pilewski et al., 2005). 

Reduced Igfbp3 could change the composition of the lung, and in males where this difference 

is seen, may account for the structure-function differences we see in the PV Loops.  

 

In this study I found a significant elevation of microsomal epoxide hydrolase (Ephx1) 

abundance in HFD-female smoking individuals. Here the change is small in females, but from 

HFD control is still a 1.79-fold induction after CS and no change in control. Ephx1 is an 

enzyme involved in the metabolism of toxic compounds in CS and found to have a role in 

COPD pathogenesis. Ephx1 primarily expressed in lung epithelium, which metabolize 

epoxides in CS, potentially modulating airway inflammation and oxidative stress. Genetic 

polymorphism in EPHX, in exon 3 (substitution of tyrosine to histidine) and exon 4 

(substitution of histidine to arginine) correlates with enzyme activity ((Vibhuti et al., 2007)). 

Slowest activity haplotype (113H-139H) was associated with imbalanced oxidative stress and 

decreased FEV1 (Vibhuti et al., 2007). A study in U.K population found that the slowest 

activity haplotype was linked with COPD and emphysema (Smith & Harrison, 1997), and this 

was associated with more severe COPD in a Japanese population (Yoshikawa & Yamakido, 
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2000). This dysregulated gene expression may modulate individual’s susceptibility towards the 

development of COPD.    

 

Importantly, I did not see significant changes in DNAm in our animal lung tissues and there 

was no correlation found between DNAm and gene expressions. Therefore, the changes I have 

seen in Cyp1a1, Ephx1 and gfbp3 gene expression could be due to the involvement of other 

types of epigenetic modifications, or methylation at other sites within the promoter region. So, 

in future we could use whole genome bisulfite sequencing to obtain a comprehensive view of 

DNAm across the entire genome. The offspring used in this study are still too young to be 

diagnosed for COPD, and COPD in mice is difficult to model. However, by measuring changes 

in lung function, inflammation, DNAm and gene expression in HFD mice following acute CS, 

we can potentially identify changes in sensitivity and determine whether these changes align 

with changes we observe in COPD.  

  

4.1 Overall Conclusion 

In this project the main goal was to understand whether maternal diabetes alone or with 

combination of cigarette smoke represents a novel risk factor for COPD. Here I highlight that 

even before CS exposure, male offspring from diabetic pregnancy had the most compliant 

lungs with a higher pressure-volume loop area. Which may suggest an altered lung phenotype 

in male mice from HFD dams. Further my data highlight male offspring from diabetic 

pregnancies have altered lung function measurements following CS challenge. Specifically, 

there was an increased total lung resistance and small airway resistance following CS, 

compared to the control group. Also, I found HFD influenced CS induced immune cell 

infiltration in a sex-specific manner.  In female HFD-CS there was an immune suppression, a 

significant reduction of Neutrophils, CD4+ T cells and NK cells compared to control-CS. In 

HFD males I found an excessive B cell and NKT cell response following CS challenge where 

this could lead to a chronic lung inflammation in male mice. Moreover, at baseline I found 

HFD female offspring had elevated Eotaxin and MIG but reduced IL-1α. CS induced cytokine 

changes in control animals, which were sex specific, were blunted in HFD exposed offspring. 

Additionally, I observed changes in gene abundance, but without specific changes in DNA 

methylation in smoking individuals from diabetic pregnancy. Taken together all these findings 

presented here suggests that it worsens lung health in smoking individuals from diabetic 

pregnancy, specifically males.  MD may modulate response to cigarettes in early adulthood, 

suggesting a propensity to future COPD.  
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Understanding the early life risk factors that drive future COPD can provide opportunities for 

primary prevention, such as smoking cessation, avoidance of environmental pollutants, and 

proper nutrition during pregnancy and pre-pregnancy periods. Infants who are exposed to 

tobacco smoke during pregnancy are more likely to develop COPD later in their life (Beyer et 

al 2009). Therefore, reducing infants’ exposure to tobacco smoke by promoting the mothers to 

quit smoking either before or during her pregnancy would be an effective intervention (McEvoy 

& Spindel, 2017).  According to a recent randomized clinical trial and studies in non-human 

primates, vitamin C supplementation during pregnancy may prevent some of the effects of in-

utero smoke exposure on offspring respiratory health (McEvoy et al., 2014, 2023; Proskocil et 

al., 2005). The trial involved pregnant smokers who were unable to quit smoking and were 

given 500mg/day of vitamin C. The newborns of mothers who received vitamin C had 

significantly improved newborn pulmonary function tests, including increased passive 

respiratory compliance and improved tidal breathing measurements, compared to newborns 

whose mothers received a placebo. These findings suggest that vitamin C supplementation may 

be a safe, inexpensive, and simple intervention for pregnant women who cannot quit smoking 

to improve their infants' lung health. This example here highlights how a safe intervention can 

mitigate the risk of developing chronic lung disease following developmental exposures. 

Similarly for maternal diabetic exposures, safe measures such as maintaining optimal blood 

glucose levels and taking supplements or medications could potentially reduce the risk of 

chronic lung diseases and sensitivity to lung damaging factors like cigarette smoke in offspring. 

Additionally, proper nutrition during pregnancy can help ensure that the fetus develops healthy 

lungs. Pregnant women should follow a special meal plan with smaller, more frequent meals 

and take vitamins and nutritional supplements if needed.  
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4.2 Significance of this study 

 

In history, the sex-based differences have not been considered in COPD research. But the 

emerging evidence shows that there are significant sex-based differences in COPD 

pathophysiology. In this study I did sex disaggregated data analysis, and the results shows sex 

specific responses in HFD offspring following CS exposure. These results will provide the 

foundation for future research to further understand the mechanisms that causes sex differences 

in lung dysfunction, inflammation and genetics in COPD disease progression.   

 

It is challenging to study the impact of genetic or environmental factors on future lung health 

in human research. Because the length of time from in utero to until diagnosis of COPD is more 

than 50 years. As well as it is difficult to control the exposures over that length of time. In this 

study I used C57BL/6NJ mouse model and controlled environmental exposures to generate 

evidence to support long term studies in humans. The findings from this study can be used to 

inform research questions in human cohort data.   

 

Typically, COPD occur in older individuals. But here I have used mice at age 8-10 weeks, 

where this is equivalent to 17-years old in humans. This is the age that many individuals first 

try cigarettes. Previous research indicates that the aging does not enhance the negative impact 

of cigarettes in mice (Zhou et al., 2013). So, here I can use CS induced responses in young 

HFD offspring, as an indicator of susceptibility towards COPD. Additionally, in this project 

we bio banked lung, blood, heart and cecum from offspring and mothers to support future 

investigations to explore mechanisms driving the observed changes in response to CS 

challenge. This is the first study to suggest that maternal diabetes modifies CS response and 

may predispose offspring to future COPD, specifically in males.  
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4.3 Limitations of the study 
 

For this study all samples were collected at a single time point (24 hrs after the last CS 

exposure). So, this work presents a single snapshot of all the responses. Future studies need to 

be done at different time points following CS, specifically to assess differences in kinetics of 

immune cells. With the long exposure and breeding timeline to get data and the limited amount 

of lung tissue, we chose to focus on molecular markers and not collect tissue for histology. 

Therefore, we do not know if changes in lung function in offspring are due to changes in airway 

morphology or cell composition. Sex-related differences in airway remodeling were not 

assessed in this study. However, future studies could explore how these prenatal exposures 

change the structure of the airway and lung.  

  

We have chosen a small set of genes to focus on in our epigenetic research in objective 2, 

limiting our ability to identify other novel pathways that may be impacted. However, DNA 

from the lung tissue were banked to allow for future analysis of whole genome methylation. In 

addition to that in this current study I have only focused on a single CpG location in the 

promoter regions. But CpGs can be differentially methylated in different CpG locations (See 

Figure 12 for Ahrr DNAm). With the current study design, we have seen slight changes in 

DNAm. But we do not know whether these changes are due to direct effects of diabetes, or if 

they are due to some other in utero factors. Also, the current study has not looked for DNAm 

in offspring following CS challenge at 8-weeks of age. Even we do not see any significant 

changes with MD exposure, there could be a possibility to see altered DNAm profile in 

offspring after CS exposure. So further studies need to be done. Another limitation of this study 

was the small sample size, with a minimum sample number of n=5 per sex per exposure. So, 

in future to increase the offspring numbers we can increase the number of breeding mice (dams 

to be) for the prenatal exposures.  
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4.4 Future directions  

In this study I observed that prenatal exposure to MD has exacerbates CS induced lung 

dysfunctions.  Additionally, MD has altered airway inflammation markers, including immune 

cells and cytokine profile in response to 4-day CS challenge. These changes indicate that 

offspring from diabetic pregnancies are more susceptible to CS induced lung dysfunctions and 

inflammation. Future research could explore the chronic CS exposure model to better replicate 

COPD features, including emphysema. In the present study I did not perform lung histology 

on offspring after CS exposure to assess the changes in airway morphology. However, the 

changes of lung function are typically correlated with histopathological changes in mouse 

models of COPD, serving as indicators of alveolar enlargement and airway remodelling. 

Importantly, this work will enable future studies to perform a detailed analysis of lung 

morphology using histology. 

   

Interestingly, from this study I observed an unexpected suppression of neutrophils in BALF of 

female offspring from diabetic pregnancies following acute CS exposure. This observation was 

limited to a single time point (24 hrs after the last CS challenge). To better understand, it is 

important to investigate the neutrophil response at different time points following CS exposure 

(at 6, 12, 24, 48 and 72 hrs). This will be helpful to determine whether neutrophil infiltration 

peaks before or after 24 hr time point. Also, we can compare the neutrophil count in both lung 

and BALF to understand whether the observed suppression is due to impaired infiltration from 

lung tissues to the BALF. In the current study we don’t see any significant changes in DNAm 

of genes in Igf axis and PAH metabolism pathways. So, this enables future studies to use whole-

genome methylation analysis to identify previously unknown epigenetic mechanisms 

underlying the detrimental effects of MD.  

  

Co-exposure to MD and CS synergistically increases risk for asthma and pre-term birth (Azad 

et al., 2013; Borsari et al., 2018). According to epidemiologic data, 23% to 38% of mothers 

who have diabetes also smoke (Azad et al., 2013; Clair et al., 2013). It's important to note that 

communities with lower socioeconomic level, the smoking and diabetes rates are also higher. 

So, the rate of MD and CS co-exposure rates may be also higher in those populations (Bird et 

al., 2015). As a part of this current study, we collected data for offspring from prenatal CS 

exposure and prenatal MD and CS co-exposures to see their sensitivity towards CS induced 

lung damage. So, in future we can analyse these data to check the association between these 

exposures and future COPD risk.  
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CHAPTER 5: APPENDIX 
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Supplementary Figures 

 

  

Supplementary Figure 1: PV loops showing the mechanics of the lung in response to 4-day CS exposure. 

Offspring from control dams (A) males, (B) females. Offspring from HFD dams (C) males, (D) females. N=5-7 

per exposure. HFD-high fat diet, CS-cigarette smoke exposure.  

Supplementary Figure 2: Prenatal exposure to MD alter DNA methylation of genes in Igf1 axis and PAH 

metabolism pathway. Percentage DNA methylation in offspring lung at 8-10 weeks of age (A) Cyp1a1, (B) 

Ephx1, (C) Igfbp3. Here I combined both male and female samples together to increase the power, where there 

were no apparent sex specific differences in the responses. N=8 per exposure.  
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Supplementary Tables 
 

Supplementary Table 1: Total and differential cells in lung lavage of offspring from control 

and HFD diet in response to 4-day CS challenge. The red highlighted ones indicate significant 

differences found, based on two-way ANOVA. 

 

 

 

 

 
 

 

 

 

 

  

Cell Differentials Mean SD Mean SD Mean SD Mean SD

Total cells 22491.5 7496.71 38733 26086.71 28662.14 14687.72 61429.58 42741.26

Neutrophils 249.21 224.57 377.35 704.46 233.44 283.81 741.29 792.07

Alveolar Macrophage 12222.77 6598.28 23897.47 24411.37 18513.38 11823.61 25420 13874.01

Eosinophils 20.44 17.1 15.14 5.65 9.5 13.38 12.69 13.87

Interstitial Macrophages 777.53 559.04 1150.82 609.8 585.73 230.69 960.42 621.36

NKT cells 123.26 159.17 208.73 96.79 70.12 47.63 236.58 176.7

NK cells 597.07 434.5 814.83 539.45 637.66 670.45 498.72 285.37

CD4 23 27.57 21.46 33.87 35.82 40.37 29.8 42.06

CD8 42.29 68.12 68.68 120.11 159.28 208.97 154.47 198.97

CD3 416.75 584.78 1185.41 1053.85 558.47 684.18 1791.22 2581.69

B cells 1279.12 684.79 2403.49 915.36 1446.88 723.26 4808.45 2784.91

Total cells 30670.64 6573.44 47991.79 30162.85 23881.49 10204.71 44661.91 22298.59

Neutrophils 199.35 176.2 368.63 284.07 118.94 62.07 117.99 114.38

Alveolar Macrophage 17831.93 7536.93 23233.43 18833.94 12070.67 8682.25 29964.07 19153.16

Eosinophils 32.39 20.99 59.11 57.61 53.84 56.28 94.06 119.53

Interstitial Macrophages 1645.06 1517.26 2247.58 1846.1 889.53 539.46 1368.66 690.94

NKT cells 173.45 253.72 382.27 485.29 30.67 26.96 128.28 64.05

NK cells 757.67 475.26 1398.4 759.01 370.62 463.13 667.83 369.18

CD4 45.36 32.63 94.74 89.1 20.54 26.62 20.14 30.2

CD8 551.48 836.98 282.27 450.08 174.35 330.25 79.18 82.88

CD3 1292.73 1659.86 1761.69 1757.99 562.49 917.86 766.59 1221.27

B cells 2082.93 1371.85 3241.26 2822.69 1138.38 580.91 2307.9 309.56

Control Control-CS HFD HFD-CS

Females

Males



70 

Supplementary Table 2: Cytokine abundance in lung lavage of male control and HFD 

offspring in response to 4-day CS challenge. The red highlighted ones indicate significant 

differences found, based on two-way ANOVA. 

OOR-Out of Range         

Cytokine Mean SD Mean SD Mean SD Mean SD

Eotaxin 7.7 1.99 4.23 2.39 5.41 1.56 5.91 4.1

G-CSF 2.38 0.57 2.25 0.49 1.9 0.34 2.41 0.37

GM-CSF 1.49 0.59 1.19 0.06 1.51 0.67 1.27 0.2

IL-1α 4.05 1.85 8.55 2.97 6.4 3.15 6.52 2.26

IL-1β 1.46 0.34 1.16 0.1 1.27 0.21 1.23 0.12

IL-2 1.58 0.46 1.55 0.51 1.76 0.62 1.47 0.36

IL-3 1.11 0.05 1.14 0.05 1.12 0.11 1.14 0.02

IL-4 1.07 0.04 1.07 0.04 1.11 0.03 1.08 0.05

IL-5 1.25 0.08 1.29 0.12 1.29 0.18 1.23 0.15

IL-6 1.12 0.05 1.17 0.04 1.2 0.15 1.15 0.03

IL-9 11.55 3.51 11.43 2.54 13.41 2.75 12.81 3.97

IP-10 3.06 0.8 3.39 0.62 2.82 0.48 2.69 0.38

KC 3.25 1.7 3.43 1.61 3.62 1.16 4.18 1.71

MCP-1 3.3 3.87 3.34 3.91 3.1 2.44 2.7 1.92

MIG 2.7 1.11 2.77 1.09 3.04 1.19 3.18 1.87

MIP-1α 4.52 4.56 5.25 8.35 2.74 2.27 5.55 5.67

MIP-2 14.64 10.66 17.1 6.69 17.13 7.2 11.61 6.44

TNFα 1.2 0.12 1.16 0.04 1.19 0.12 1.14 0.05

VEGF 7.56 1.43 7.9 2.58 8.31 3.59 9.07 3.34

TGF-β1 23.22 4.11 38.82 27.18 27.1 5.14 27.83 3.25

TGF-β2 13.96 3.8 17.09 6.73 16.96 2.49 17.04 4.23

TGF-β3 0.5 0.11 0.28 0.21 0.41 0.22 0.48 0.36

MMP-2 1580.18 877 3363.62 4537.76 1104.04 469.19 1056.58 425.8

MMP-3 1236.73 734.07 1964.26 2126.3 861.87 268.81 1011.53 373.5

MMP-8 1952.2 215.73 2923.13 1441.75 2158 604.37 2324.37 369.93

MMP-12 23.38 22.45 31.89 20.08 11.99 9.1 9.54 2.98

proMMP-9 83.21 36.45 171.69 158.1 99.74 40.65 110.94 40.73

IFNγ

IL-7

IL-10

IL-12p40

IL-12p70

IL-13

IL-15

IL-17

LIF

LIX

M-CSF

RANTES

MIP-1β

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

Male Offspring

Control Control-CS HFD HFD-CS

OOR
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 OOR-Out of Range    

Supplementary Table 3: Cytokine abundance in lung lavage of female control and HFD 

offspring in response to 4-day CS challenge. The red highlighted ones indicate significant 

differences found, based on two-way ANOVA. 

Cytokine Mean SD Mean SD Mean SD Mean SD

Eotaxin 3.3 1.1 6.55 2.53 12.03 9.46 7.48 1.22

G-CSF 2.43 0.58 2.26 0.37 2.5 0.74 1.89 0.15

GM-CSF 1.38 0.57 1.34 0.54 1.33 0.4 1.25 0.3

IL-1α 11.35 4.36 5.07 3.84 5.85 3.94 6.19 2.12

IL-1β 1.55 0.75 1.21 0.12 1.14 0.05 1.24 0.15

IL-2 1.77 0.69 1.39 0.19 1.67 0.69 1.23 0.18

IL-3 1.13 0.07 1.1 0.05 1.19 0.11 1.12 0.06

IL-4 1.06 0.04 1.1 0.03 1.09 0.02 1.08 0.02

IL-5 1.26 0.12 1.33 0.11 1.24 0.09 1.39 0.11

IL-6 1.19 0.15 1.12 0.05 1.14 0.07 1.19 0.19

IL-9 10.61 4.19 10.26 3.85 6.2 3.58 9.4 1.04

IP-10 3.8 2.06 3.5 1.02 4.62 3.4 3.44 0.98

KC 3.72 2.43 4.43 1.47 3.72 1.37 3.89 0.87

MCP-1 5.76 8.17 3.37 2.6 2.44 2.76 4.41 3.24

MIG 2.03 0.5 6.12 6.63 5.46 2.23 5.3 2.83

MIP-1α 5.28 3.43 3.94 1.53 4.47 3.38 5.65 3.46

MIP-2 14.16 5.98 17.75 4.17 19.45 7.01 19.99 2.37

TNFα 1.22 0.17 1.14 0.03 1.21 0.17 1.14 0.06

VEGF 7.76 1.06 7.86 1.93 6.27 1.07 6.67 1.23

TGF-β1 30.11 7.99 31.79 7.3 27.02 11.78 35.05 2.45

TGF-β2 18.78 4.3 14.93 4.42 18.19 9.88 18.44 4.28

TGF-β3 0.35 0.39 0.52 0.48 0.46 0.46 0.48 0.14

MMP-2 4815.46 2797.2 3559.44 1439.87 7070.31 5293.86 2549.08 1247.73

MMP-3 1942.97 937.28 2153.38 770.54 3341.66 2499.68 1645.06 659.54

MMP-8 3032.76 433.91 3566.74 640.66 5149.93 3568.21 3662.5 680.06

MMP-12 29.77 12.65 42.57 28.6 62.24 58.32 24.71 15.57

proMMP-9 208.2 114.38 152.91 46.7 254.31 215.11 157.32 126.73

IFNγ

IL-7

IL-10

IL-12p40

IL-12p70

IL-13

IL-15

IL-17

LIF

LIX

M-CSF

RANTES

MIP-1β OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

OOR

Female Offspring

Control Control-CS HFD HFD-CS
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Supplementary Table 4: Percentage DNAm of genes in Igf1 axis and PAH metabolism 

pathway.  

 

 

 

 

 

 

 

  

Genes Mean % DNAm SD Mean % DNAm SD

Igfbp1 41.31 2.45 42.63 1.56

Igfbp3 5.19 1.82 4.23 0.95

Gstm1 3.44 0.53 3.17 0.54

Ephx1 33.34 0.89 32.67 2.31

Gstt1 43.52 0.72 43.58 1.49

Gstp1 72.1 2.23 69.86 2.95

Cyp1a1 77.28 3.06 75.86 3.51

Ir 28.65 2.65 28.5 2.99

Ahrr pos1 70.56 2.16 70.47 1.31

Ahrr pos2 88.95 1.51 88.24 0.82

Ahr 43.19 2.55 41.6 0.24

Igfbp1 41.78 1.81 43.42 1.09

Igfbp3 5.13 0.58 4.22 0.3

Gstm1 3.4 0.87 3.12 0.14

Ephx1 33.57 4.03 30.96 4.37

Gstt1 42.68 2.46 42.47 1.85

Gstp1 70.11 2.66 69.22 2.04

Cyp1a1 76.79 2.1 75.11 0.78

Ir 27.34 3.49 26.85 2.02

Ahrr pos1 69.11 1.09 68.93 3.38

Ahrr pos2 86.63 1.04 86.98 2.14

Ahr 42.13 2.08 43.23 1.35

Males

Females

Control HFD
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Control Control-CS HFD HFD-CS

Genes Log2 FC Log2 FC Log2 FC Log2 FC

Cyp1a1 0.15 2.76 1.19 2.81

Igf1 0.02 -0.22 -0.39 -0.31

Gstm1 0.01 0.37 0.2 0.34

Ahr -0.01 0.17 0.27 -0.09

Ahrr -0.01 0.34 0.27 0.43

Igfr1 0.02 0.64 0.17 0.63

Igfbp3 0.02 -1.28 -1.16 -0.47

Ir 0.01 -0.14 -0.05 0.17

Gstp1 0.01 0.1 0.04 0.64

Ephx1 0.01 -0.61 -0.17 0.59

Gstt1 0.01 -1.7 -0.31 0.41

Cyp1a1 -0.2 1.16 0.22 2.22

Igf1 -0.03 -0.5 -0.48 -0.17

Gstm1 0.02 0.19 -0.25 0.12

Ahr -0.12 -0.34 -0.28 -0.24

Ahrr -0.12 -0.54 -0.47 -0.06

Igfr1 -0.24 -0.73 -1.46 -1.57

Igfbp3 0.04 0.24 0.25 -0.08

Ir -0.05 -0.1 -0.08 0.14

Gstp1 0.03 -0.06 -0.3 0.03

Ephx1 -0.07 -0.14 -0.83 0.47

Gstt1 -0.01 -0.26 -0.47 -0.1

Males

Females

Supplementary Table 5: Log2 fold changes of gene abundance if genes 

in Igf1 axis and PAH metabolism pathway. The red highlighted ones 

indicate significant differences found, based on two-way ANOVA. 
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