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ABSTRACT 

Background: The prevalence of asthma and chronic obstructive pulmonary disease (COPD) has risen 

markedly over the last decades and is reaching epidemic proportions. However, underlying 

molecular mechanisms are not fully understood, hampering the urgently needed development of 

approaches to prevent these diseases. It is well established from epidemiological studies that 

prenatal exposure to cigarette smoke is one of the main risk factors for aberrant lung function 

development or reduced fetal growth, but also for the development of asthma and possibly COPD 

later in life. Of note, recent evidence suggests that the disease risk can be transferred across 

generations, i.e. from grandparents to their grandchildren. While initial studies in mouse models on 

in utero smoke exposure have provided important mechanistic insights, there are still knowledge 

gaps that need to be filled.  

 

Objective: Thus, in this review we summarize current knowledge on this topic derived from mouse 

models, while also introducing two other relevant animal models: the fruit fly Drosophila 

melanogaster and the zebrafish Danio rerio.  

 

Methods: This review is based on an intensive review of Pubmed-listed transgenerational animal 

studies from 1902-2018 and focuses in detail on selected literature due to space limitations. 
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Results: This review gives a comprehensive overview of mechanistic insights obtained in studies with 

the three species, while highlighting the remaining knowledge gaps. We will further discuss potential 

(dis)advantages of all three animal models.  

 

Conclusion/Clinical relevance: Many studies have already addressed transgenerational inheritance 

of disease risk in mouse, zebrafish or fly models. We here propose a novel strategy for how these 

three model organisms can be synergistically combined to achieve a more detailed understanding of 

in utero cigarette smoke induced transgenerational inheritance of disease risk.  

 

INTRODUCTION 

Prenatal exposure to cigarette smoke is a recognized risk factor for reduced fetal growth and 

impaired lung function development (reviewed in 1,2). Prenatally exposed individuals therefore are at 

greater risk to develop asthma, both in childhood 3,4 to adolescence 5 and adulthood 6–8, and possibly 

also chronic obstructive pulmonary disease (COPD) 9 with ageing 10–12. Despite decreasing smoking 

rates in several countries, numbers of women who smoke during pregnancy have remained 

unacceptably high 13,14. In addition, pregnant women are starting to use e-cigarettes at rapidly 

increasing rates almost equal to conventional cigarettes 15. These are suspected to affect the fetal 

health similar to conventional cigarettes 16.  

 

Furthermore, it has been shown that maternal smoking during pregnancy appears to increase her 

grandchild’s risk for lower birth weight (boys only) 17 and for asthma, independent of the maternal 

smoking status 18–20. Moreover, prenatal exposure of the father via his mother appears to affect the 

risk for persistent wheeze in his daughter 21.  
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So far, studies have exclusively investigated the maternal line for priming of respiratory disease via 

smoking. However, a very recent multicenter study in Northern Europe demonstrated that also 

paternal smoking might increase the risk for asthma in offspring 22. The risk was markedly higher 

when fathers smoked during puberty, and this was independent from whether he quit smoking years 

before the child was born or how much the father smoked. A possible explanation for this could be 

that during puberty, primordial germ cells start to develop into spermatogonia in the testes from 

which mature spermatozoa arise. This developmental window could therefore be particularly 

susceptible to environmental insults 22. 

 

If these observations hold true, the consequences of parental or grandparental smoking will last for 

decades. Beyond intensifying anti-tobacco campaigns, it is therefore essential to create preventative 

strategies to ensure normal lung development in exposed offspring requiring a clear understanding 

of the mechanisms how smoking affects fetal lung development. To accomplish this task, animal 

models are an important prerequisite. 

 

The present review summarizes current knowledge of how prenatal cigarette exposure influences 

fetal development and molecular pathways in mice (Mus musculus). We will further discuss the 

usefulness of more simple organisms such as the fruit fly (Drosophila melanogaster), and the 

zebrafish (Danio rerio) to advance our understanding on early life origins of chronic lung diseases. 

Finally, we propose an integrative approach for using these species for transgenerational research. 
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Murine models of prenatal smoking 

Mice reach sexual maturity at 6-8 weeks of age and have a high reproduction rate yielding 5-8 pups 

per litter. Their gestation time lasts usually 21 days (Fig. 1A) with lung development starting at 

embryonic day (ED) 8 by formation of the lung bud. The timing of the following pseudoglanduar (ED 

9.5-16.6), canalicular (ED 16.6-17.4), saccular (ED 17.5-postnatal day (PND) 5) and alveolar stages 

(PND 5-30) is clearly defined 23; thus allowing to investigate the influence of maternal smoking 

during specific developmental windows (Fig. 1A). In addition, the development, morphology and 

cellular composition of the human (Fig. 2A and 2B) and murine lung (Fig. 2C and 2D) and the 

immune system have some close similarities, facilitating the translation of findings to the human 

organism as compared to other species. The large variety of available knock-out mice further helps 

to investigate the contribution of distinct molecular pathways to disease development. Until now, a 

number of murine models of prenatal smoking have been developed (e.g.24–26). One important 

criterion for the quality of these models is whether or not they are able to recapitulate the clinical 

hallmarks seen in prenatally smoke exposed children. 

 

Models of active cigarette smoking during pregnancy 

Intrauterine growth restriction  

Decreased birth weight of children from mothers smoking during pregnancy has been described 

since the late 1950’s 27–30 and also occurs in prenatally exposed mice 31. To identify vulnerable 

developmental windows, Esposito et al exposed pregnant mice to a combination of main- and 

sidestream smoke (meaning smoke generated from the filtered or burning end of a cigarette, 

respectively, thus mimicking active and passive smoking) during different periods of gestation. 

Smoking either only during the pre-implantation period, or throughout the entire pregnancy 

decreased fetal weight significantly, while fetal length was decreased only by exposure in early 
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pregnancy 32. Another study also demonstrated sex-differences, as decreased body weight was 

observed in female but not male murine offspring after in utero smoke exposure 33. These studies 

confirm that the influence of cigarette smoke on fetal growth observed in humans is largely 

reproducible in mice. 

 

Hallmarks of asthma in prenatally exposed mice 

Exposing pregnant mice to mainstream smoke from ED 8 to ED 20 significantly decreased lung 

volume and compliance, and increased airway resistance in two week old offspring compared to air 

controls. These findings led to the assumption that reduced body size and lung volume could be a 

main factor in driving the higher risk for respiratory diseases in later life 34.  

 

Children growing up in smokers´ households tend to become smokers themselves 35, which could 

add to lung function loss initially induced by maternal smoking 36. Further, maternal smoking 

appeared to aggravate effects of own smoking 36. In line with human studies, in utero exposed mice 

had decreased lung compliance and volume, increased tissue elasticity and resistance. Additional 

exposure during adolescence and early adulthood from PND 21-49 not only aggravated lung function 

deficits, but further resulted in collagen deposition around the main bronchi 25. The body weight of 

offspring exposed both in utero and during adolescence was significantly decreased compared to 

animals that were exposed to cigarette smoke in utero only. This study not only confirms the 

observations made in humans, but further suggests lasting structural changes of the airways when in 

utero exposure continues in early life 25. 
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As smoking during pregnancy does not only influence lung growth but also increased the risk for 

asthma during the lifespan 3–5, mouse models have been exploited to identify underlying 

mechanisms. Blacquiere et al combined in utero smoke with postnatal challenge with house dust 

mite (HDM), which led to enhanced goblet cell hyperplasia and mucus production. Furthermore, 

collagen III deposition around the airways was increased and correlated with increased stiffness of 

the airways and therefore a decrease in compliance 24. In another study, enhanced methacholine 

(MCh) responsiveness was associated with a decrease in cyclic adenosine monophosphate (cAMP), 

which contributes to the relaxation of lung smooth muscle cells while its reduction led to airway 

hyperresponsiveness (AHR) 37. Eyring and colleagues also confirmed the aggravation of allergic 

airway disease after in utero smoke exposure 38.  

 

Taken together, the clinical findings seen in prenatally exposed children are reflected in mouse 

models, suggesting the usefulness of these models for mechanistic studies. 

 

Influence of prenatal smoking on developmental pathways and epigenetic regulation  

 

The Wingless Int-1 (Wnt)--catenin signaling pathway is critical for branching and morphogenesis of 

the fetal lung 39 and aberrant Wnt signaling has been related to asthma 40. Prenatal smoking has 

been shown to reduce Wnt-related signaling such as Frizzled-7 (Fzd7) and β-catenin (Ctnnb1) and 

further the downstream Wnt target gene Fibronectin 1 (Fn1) in neonatal mice 41. Additionally, 

factors involved in alveolarisation such as Forkhead-Box-Protein A2 (Foxa2) and Platelet-derived 

growth factor receptor alpha (Pdgfra) were decreased in the lungs of 1 day old offspring.  
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Alveolarisation was further investigated by addressing the retinoic acid (RA) signaling pathway. In 5 

day old pups, several signaling molecules along this pathway such as RA receptor alpha (Rara), RA 

receptor beta (Rarb), retinoid-X receptor alpha (Rxra), retinaldehyde dehydrogenase-1 (Raldh1), 

cytochrome P450 26b1 (Cyp26b1) and nuclear receptor family 2, group F, member 2 (Nr2f2) were 

significantly decreased at the mRNA level after in utero smoke exposure 42. 

 

The transcription factor runt-related proteins (RUNX) 43 is expressed in human and murine lungs in 

the pseudoglandular and canalicular stages. This transcription factor family is further involved in 

immune function and regulation. RUNX1 and RUNX3 in particular play a role in the maturation of 

thymocytes: RUNX1 suppresses the expression of cluster of differentiation 4 (CD4) in double-

negative precursor T cells and RUNX3 is involved in differentiation and functionality of CD8+ T cells 

44,45. In utero smoke exposure decreased the expression of RUNX1 and RUNX3 in the developing lung 

at PND 3 and PND 5 suggesting them as mediators both of deregulated immunity and increased risk 

of developing asthma 46. 

 

A recent study examined the correlation of the insulin-like growth factor (IGF) axis and abnormalities 

in body weight, highlighting IGF-1 and IGF-1 receptor (IGF-1R). The authors investigated 30-day-old 

offspring that were prenatally exposed to cigarette smoke and observed a sex-dependent effect on 

body weight (only in females), which was accompanied by a decline of mRNA expression of IGF-1 

and IGF-1R. Further, epigenetic modifications were suggested by DNA methylation of the IGF-1R 

promoter region. Meyer et al concluded that the changes in IGF-1 and IGF-1R expression, growth 

restriction and alterations in DNA methylation can lead to higher asthma susceptibility later in life 

due to the involvement of the IGF axis in lung development 33. This is of interest as epidemiology 

studies show that alterations in DNA methylation are associated with increased asthma risk later in 
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life 47–49. The abovementioned study was recently confirmed by Dehmel and co-authors. In brief, 

they identified IGF-1 to be decreased in fetal lungs (E 18.5) after in utero cigarette smoke exposure, 

which was associated with a fetal and postnatal growth retardation and a loss in lung function in 

females (at PND 21) 50. Altogether, the results of these studies demonstrate that effects induced by 

in utero smoke exposure go far beyond the neonatal period and that these changes appear to affect 

male and female offspring in a different manner. 

 

Models of sidestream cigarette smoke exposure during pregnancy 

As prohibition of smoking in public places is incomplete in many countries 51, pregnant women can 

be exposed to environmental tobacco smoke ((ETS), experimentally corresponding to side-stream 

smoke) at public places as well as at home. ETS is a known risk factor for asthma (reviewed in 52 ) and 

lower birth weight 53–55 which is also seen in mice 56,57. 

 

Hallmarks of asthma in mice prenatally exposed to ETS 

Ten years ago a hallmark study by Penn et al demonstrated that in utero ETS exposure exacerbates 

responsiveness to allergens 58 which has been confirmed in several studies by that group since then 

26,59. For example, in utero ETS exposure followed by postnatal allergen challenge with ovalbumin 

(OVA) increased T helper cells type 2 (Th2) cytokines in bronchoalveolar lavage fluid (BALF) and lung, 

lung eosinophilia, OVA-specific immunoglobulin (Ig)E and AHR 59. Interestingly, these findings were 

more pronounced in male offspring. 
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Exposure to ETS in utero usually continues postnatally. To mimic this situation, Sing et al used 

following experimental setup: male and female animals of the F0 generation were adapted to ETS or 

filtered air for two weeks prior to mating. Smoking was then continued in females during pregnancy 

and - together with their pups - until three weeks after birth. 

 

Subsequent challenge of offspring with Aspergillus fumigatus (A. fumigatus) induced a mixed eosino-

neutrophilic airway inflammation and enhanced airway resistance and Th2 cytokines in ETS exposed 

animals. These changes correlated with higher lung expression of M1, M2, and M3 muscarinic 

receptors and phosphodiesterase-4D5 (PDE4D5) isozyme. The PDE4-selective inhibitor rolipram 

attenuated AHR, muscarinic receptors and PDE4D5, but left lung inflammation, Th2 cytokines or 

serum IgE levels unaffected 60. While this model shows the sensitivity of the fetus to ETS, a paternal 

influence cannot be excluded with certainty: for example ETS exposure could alter sperm cell 

microRNA (miRNA) signatures which in turn might influence early gene expression programs in the 

early zygote. In fact, this has already been demonstrated in a model of chronic paternal stress where 

the father’s phenotype was transmitted this way 61.  

 

Enhanced airway and immune responses after prenatal ETS exposure is independent from the type 

of allergen, as provocation with HDM allergen of adult offspring increased airway inflammation, Th2 

cytokines and induced remodeling similar to the A. fumigatus model 62. 

 

Several investigators have already tried to pin down the susceptible developmental 

windows critical for exposures 60,63–66. In the ETS A. fumigatus model described above, pre- 

but not postnatal ETS exacerbated AHR, levels of Th2 cytokines and atopy. Both prenatal 
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and/or postnatal ETS downregulated the T helper cells type 1 (Th1)-specific transcription 

factor T-bet and - despite high levels of interleukin (IL-)4 / IL-13 - blocked the Aspergillus-

induced goblet cell metaplasia and mucus production regulating molecules (Mucin 5ac 

(Muc5ac), Type A gamma-aminobutyric acid (GABAA)-receptors, and SAM pointed domain-

containing ETS transcription factor (Spdef)). This led to the speculation that in utero 

exposure to ETS not only enhances characteristics of asthma, but also impairs lung 

development leading to reduced mucociliary clearance and Th1 responses 65. Aside from 

prenatal exposure, early life may also be critical as early postnatal ETS similarly reduced lung 

function 63. 

 

In another study, in utero ETS exposure was continued in male offspring until adulthood: It 

induced enlarged alveolar spaces and vessels independent of whether or not this was 

combined with exposure during adulthood. Additional exposure during adulthood induced 

vascular remodeling, and changed breathing patterns indicative of AHR accompanied by 

upregulation of transcripts of the metalloproteases a disintegrin and metalloproteinase with 

thrombospondin motifs 9 (Adamts9) and matrix metalloproteinase 3 (Mmp3) 66. The 

observed pulmonary morphological changes could further indicate a higher susceptibility for 

COPD 66. This contention is supported by a study showing that in utero ETS exposure alone 

can be sufficient to induce lung structural changes 67. 

Influence of ETS on molecular pathways and epigenetic regulation 

So far, mechanistic studies investigating the influence of prenatal ETS on the developing organism 

are scarce. Exposure to ETS during pregnancy leads to a deregulation of the placental and umbilical 

cord blood transcriptome in humans 68. this line, a four day exposure to ETS in the last trimester of 
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murine pregnancy decreased placental and fetal weights, which was accompanied by decreased 

placental activation of the mechanistic Target of Rapamycin (mTOR) family of proteins which are 

involved in regulation of cell growth via nutrient sensing 56. Another study demonstrated an increase 

of substance P airway innervation, neuropeptide Y (NPY) protein levels and density of NPY fibers in 

the lung, as well as pulmonary levels of nerve growth factor (NGF) later in life after prenatal and 

early postnatal ETS, which was paralleled by lower lung function 63,69. ETS exposure in adolescent 

mice did not produce these changes suggesting altered pulmonary innervation developing in 

response to ETS in early life only 63.  

 

Further, HDM-induced allergic inflammatory responses were aggravated after prenatal ETS, which 

coincided with lower global methylation in lung, spleen, and blood DNA. In addition, gene-specific 

analyses revealed strong hypo-methylation of Il4 and Il13, while interferon gamma (Ifng) and 

forkhead box P3 (Foxp3) were hyper-methylated in double exposed animals 62. Xiao and colleagues 

investigated miRNAs as another layer of epigenetic regulation and found among nine up-regulated 

miRNAs, miR-155-5p, miR-21-3p, and miR-18a-5p being highly correlated with pro-asthmatic Th2 

cytokine levels in BALF of ETS exposed and OVA challenged animals 70. Further analysis revealed that 

these up-regulated miRNAs shared common chromosome locations with pro-asthmatic genes 

suggesting joint regulation. 

 

In conclusion, there are strong indications in current literature that the asthma risk of the offspring 

can also be determined by ETS, which underlines the importance of smoke prohibitions i.e. in the 

work environment and public places. 
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Prenatal smoking and phenotypes beyond the F1 generation  

The postulate that grandmaternal smoking during pregnancy affects the propensity of her 

grandchildren to develop asthma is challenging to assess in humans. In rodent animal models, there 

are to our knowledge only two studies going beyond the F1 generation.  

 

In the first study, Rehan et al treated pregnant rats with nicotine subcutaneously and observed 

alterations in lung mechanics of F1 and F2 offspring compared to controls. Moreover, the F1 

generation had globally increased acetylation of histone 3 (H3) in the lung and decreased H4 

acetylation and DNA methylation in the testis, whereas H4 acetylation was increased in the ovaries 

thus providing for the first time mechanistic insight underlying multigenerational transmission of 

asthma risk 71. The investigators moved on to the F3 generation - which is the first generation not 

being exposed via the grandmother - and observed increased pulmonary resistance and decreased 

compliance in both sexes 72. Of note, AHR in response to acetylcholine was only seen in males of the 

F2 and F3 generations 71,72. 

In a second study, Singh et al exposed adult male and female mice to ETS two weeks prior mating 

and continued ETS-exposure until dams gave birth. In utero ETS-treated, and postnatally A. 

fumigatus-challenged F1 offspring revealed altered lung function with increased eosinophilia and Il-

13 levels, whereas interferon gamma (INF-) levels were decreased in BALF compared to air-exposed 

controls. Of note, these effects were transmitted to the F2 generation. The authors found a decrease 

in hypoxia inducible factor 1 alpha (HIF-1), NFB and RUNX3 in lungs from seven day old F1 or F2 

generation offspring. Due to a persistent pulmonary deregulation of microRNAs known to regulate 

angiogenesis and apoptosis, miR130, miR-16 and miR-221, the authors suggested epigenetic 

mechanisms underlying the transgenerational inheritance of exacerbated allergic asthma and 

bronchopulmonary dysplasia (BPD).57 
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Limitations of murine models and current knowledge gaps 

In summary, murine models largely reproduce the findings on prenatal smoking obtained from 

epidemiological studies and have proven to be very useful for the investigation of underlying 

mechanisms. As explained above, most models depict phenotypic alterations in offspring such as in 

utero growth restriction, airway inflammation and airflow limitation. While these studies are 

encouraging, there are several limitations of murine transgenerational smoke exposure models that 

need to be kept in mind: 

 

Most published studies differ remarkably regarding exposure systems, the timing and quantification 

of exposures, or the utilization of filtered or non-filtered cigarettes. At the same time objective 

measurements of cigarette smoke exposure are often insufficiently described. Along this line, it is 

crucial to assess the quantification of particles for every exposure setting, thus allowing a better 

comparison among different studies. Further, it is very difficult to control for maternal stress. The 

pure smell of smoke most likely puts the animals into stress that cannot be mimicked by simply 

handling animals that are exposed to air the same way as smoke exposed animals. In fact, stressing 

pregnant mice with noise has been shown to enhance asthma susceptibility in offspring 73. 

Additionally, smoke-exposed mice often have a lower weight gain during pregnancy when compared 

to air controls, which may further confound the results. In addition, also the routes of smoke 

exposure may influence the resulting phenotype. For example, pregnant mice are usually exposed in 

whole body chambers, leading to the deposition of smoke particles in fur, which are ingested upon 

grooming. Last but not least, multigenerational studies up to the F2 and F3 generations are 

expensive, time consuming and need ample animal space.  
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Thus, there is a clear need for simpler animal models where maternal stress can be better controlled 

for and that allow faster progression into next generations. 

 

Drosophila melanogaster 

The fruit fly Drosophila melanogaster is increasingly recognized as a suitable non-vertebrate model 

system for asthma research 74,75 as it allows studying abnormalities of the airway epithelial barrier 

function and innate immunity that are typical of the disease 76 Even if the respiratory system of the 

fruit fly is only an analogue organ to the human lung, both systems have much more in common 

than anticipated at first sight. In both species, their airways are made of a tubular network that 

repeatedly branches from proximal to distal where it mediates the gas exchange 77 (Fig. 2E and 2F). 

However, unlike to mammals, flies do not breathe actively. Air enters the respiratory system through 

breathings openings (so-called spiracles) from where it is distributed in the entire airways by passive 

diffusion. When comparing the average particle size distribution of mainstream tobacco smoke (0.3 

to 0.5 µm) with the average diameter of the smallest branches, called tracheoles (1.0 µm), smoke 

particles can easily enter the entire airway tree. Thus, even after a short exposure, the concentration 

of smoke in the respiratory system will be equal to that in the chamber of the smoking machine 78.  

 

Like in human, all branches of the fly’s airways are solely covered by a single epithelial layer with 

each cell along the airway tract being immunoreactive and acts as an innate immune system 79. It has 

to be noted that drosophila lacks an adaptive immune system and some innate immune cells like 

eosinophils and mast cells, as well as structural cells such as smooth muscle cells and fibroblasts. 

This needs to be taken into account when using drosophila for asthma research, as all of those cell 

types play a pivotal role in the pathologenesis of asthma in patients. On the other hand, Drosophila 

melanogaster can thus be used to study epithelial contributions to pathology without confounding 
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effects by other cells. Moreover, the fly’s airway epithelium shares many genes and molecular 

pathways (such as Toll like receptor (TLR)/IL1; TNFα signaling) with human ones 80. These features of 

the fly’s airway epithelium facilitate the identification and analysis of genes and mechanisms 

involved in (1) epithelial immune responses, (2) remodeling processes and (3) the maintenance of 

barrier integrity. Given the key role of the airway epithelium in asthma pathogenesis 81,82, the fly can 

be primarily used to investigate molecular aspects of airway remodeling initiated by the epithelium 

itself. In addition, it can be utilized to evaluate the functional role of asthma susceptibility genes in 

the development of the disease 83. As most of these genes have at least one counterpart in the fly’s 

genome and are also expressed in its airways 83,84, gene-environment interactions can be studied 

easily by manipulating genes of interest exclusively in airway epithelial cells. By subsequent exposure 

to common risk factors for asthma, gene-environment interactions can be comparatively easily 

assessed by determining the developmental time or the degree of airway branching (i.e. number and 

length) in particular. This is exemplified by the work of Kallsen et al who used the fly to obtain first 

insight into the function of the gene orosomucoid 1-like 3 (ORMDL3). Polymorphisms in this gene are 

strongly associated with childhood asthma 85. The authors showed that enhanced epithelial 

expression of the Drosophila ORDML homologue reduces the ability of adult flies to cope with 

asthma risk factors such as cigarette smoke 75. 

 

To the knowledge of the authors, a Drosophila model to investigate the airway response to cigarette 

smoke exposure has not been reported so far. Even though there are a number of publications that 

address the toxicological effects of cigarette smoke and nicotine on the fly’s health, none of these 

publications aimed at establishing a Drosophila model for cigarette smoke exposure reflecting 

central characteristics of an antioxidant or xenobiotic response. This is certainly a major reason why 

Drosophila has not yet been utilized for studies on transgenerational inheritance and why there is a 

lack of experimental evidence showing that cigarette smoke-induced transgenerational alterations 
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are regulated similarly between fly, mouse, and human. Nonetheless, there is evidence that 

pathways associated with the response to cigarette smoke are conserved between species, as for 

example Cytochrome P450 (CYP) analogs. In the fruit fly, there are 83 CYP genes, while most of their 

functions are not fully elucidated so far. Recent research shows that they are primarily involved in 

developmental processes and in the detoxification of xenobiotics. In this respect it's known that 

Cyp6g1 confers nicotine resistance 86. A further promising candidate might be Cyp18a1 as its human 

homolog Cyp1a1 contributes to the detoxification of polycyclic aromatic hydrocarbons (PAHs) found 

in the tar fraction of cigarette smoke. 

 

Of note, using Drosophila offers several advantages for studying transgenerational inheritance: first 

of all, transgenerational studies on F3 and subsequent generations can be performed quite quickly 

due to its short generation time (about 9 days at 25°C) (Fig. 1B); second, it can be cultured easily, 

inexpensively and in large numbers due to its high reproductive rate, and third, one can proceed 

faster from inter- to transgenerational studies as fly embryogenesis occurs outside of the female 

body whereby the offspring is not subject to the “lifestyle” of the grandmother (reviewed in 87). In 

fact, transgenerational Drosophila models of diet-induced obesity have already been described as a 

powerful tool to identify and characterize molecular mechanisms underlying transgenerational 

transmission of metabolic traits 88,89. In these studies, obese female flies produced solely offspring 

with an obese-like phenotype even though the offspring were raised on a standard fly diet for their 

entire life cycle. Interestingly, this phenotype was transmitted for both sexes into the third 

generation, demonstrating a transgenerational transmission of maternal obesity in Drosophila 88. 
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Danio rerio 

Zebrafish are small, tropical fish which are easily and inexpensively maintained in laboratory 

conditions 90. The fertilization and embryonic development of zebrafish occurs extra-corporally, 

facilitating parent-of-origins studies while minimizing the influence of maternal stress related to the 

exposure of interest. Zebrafish reach sexual maturity within 2-3 months and produce large numbers 

of offspring in one breeding (100-200 embryos per pair). The embryos develop in water and are 

transparent, which facilitates exposure, imaging and morphological analyses. All major organs are 

developed very fast within three days post fertilization (Fig. 1C) 91, thus enabling to investigate the 

influence of cigarette smoke from the moment of fertilization throughout the entire development. 

The whole genome of zebrafish is sequenced with around 70% similarity to humans while 84% of 

zebrafish genes have counterparts in human diseases 92. Additionally, there are many knock-out, 

transgenic and reporter zebrafish lines available which enables not only the dissection of 

developmental patterns, but also to decipher the molecular mechanisms underlying human 

diseases. Also, laboratory zebrafish are less inbred and more genetically diverse compared to 

rodents, in this way being more similar to human populations. All these factors indicate that 

zebrafish are a suitable model to study transgenerational inheritance of disease risk. 

 

Similar to Drosophila, zebrafish have only recently been introduced into respiratory research 93. One 

obvious reason for this could be that zebrafish do not have lungs. Nonetheless, gills and swim 

bladder can both be used for lung research due to their evolutionary similarities (Fig. 2G and 2H). 

Gills have the same gas-exchange function as lungs (mucus-covered respiratory epithelium scattered 

with immune cells and smooth muscle cells at the base of the lamella) 93. The swim bladder has the 

same embryonic background as the mammalian lung, it is covered with surfactant and its 

transcriptome is comparable to that of the lung 94. It is lined by a single layer of epithelial cells, with 

scattered rodlet cells (presumed to be counterparts of mast/eosinophil cells) and a basement 
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membrane. The structures bellow this epithelial layer have some differences depending on the 

regional part of the swim bladder 95. The lateral posterior chamber has four distinct layers: 

squamous epithelium with a basement membrane, a lamina propria consisting of connective tissue 

matrix with collagen and elastin fibers, a muscular mucosa containing layers of smooth muscle cells 

and scattered fibroblasts, and connective tissue with blood vessels and nerves 96. It has recently 

been shown that the swim bladder can be used as a model for acute lung injury. The injection of LPS 

into the swim bladder leads to similar effects that are characteristic for acute lung injury in humans: 

neutrophil infiltration and recruitment, increase in inflammatory cytokine expression, and in situ 

injuries, including epithelial distortion, endoplasmic reticulum swelling and mitochondrial injuries 97. 

Further, several signaling pathways involved in human lung development, such as sonic hedgehog 

signaling and Wnt/β-catenin signaling pathways, are also essential for zebrafish swim bladder 

development 98,99. As mentioned above, Wnt signaling is an important contributor to the 

transgenerational inheritance of smoking effects, while β-catenin and frizzled7b (Fz7b) are also 

important for swim bladder formation in zebrafish98. However, to our knowledge there is no data on 

their expression under the influence of cigarette smoke extract (CSE) or nicotine in zebrafish. A 

recently published study shows that exposure of zebrafish larvae to total particulate matter (TPM) 

from cigarette smoke after the 72 hours post fertilization (hpf) exposure have significantly decreased 

total body β-catenin protein levels 100, which is a hint for a similar regulation as in mouse models.  

 

Further, it should be noted that, with some differences, also the zebrafish xenobiotic metabolism is 

comparable to that of humans 101. There are 94 CYP genes identified in zebrafish, divided into 18 

gene families 102. The genes involved in drug and xenobiotic metabolism are mostly members of 

families 1 to 4. Zebrafish Cytochrome P450, family 1 (CYP1) genes are distributed into four 

subfamilies (A-D) and have been cloned and sequenced. Exon structure of zebrafish Cytochrome 

P450, family 1, member A (CYP1A) gene is similar to human CYP1A1 and CYP1A2 genes. CYP1A is 
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inducible by AHR agonists, as well as by exposure to oxidative stress and ultraviolet (UV) radiation 

101. The expression of the CYP1A1 gene is highest in the adult liver, gut tissue, abdominal cavity and 

cardiovascular system during embryonic development, with a peak of expression after hatching (72 

hpf) 103. There is a broad spectrum of substrates that are metabolized by both human and zebrafish 

CYP1. CYP1A is the most active CYP in zebrafish and it metabolizes 7-ethoxyresorufin (ER), 7-

benzyloxyresorufin (BR) and 7-methoxyresorufin (MR) similar to mammalian CYP1A1 104. It is the 

dominant CYP responsible for ER metabolism. The measurement of CYP1A activity can be done in 

vivo in zebrafish using 7-ethoxy-resorufin-O-deethylase (EROD) assay 105. It has been shown that the 

expression of CYP1A in zebrafish embryos is upregulated after the exposure to CSE 106, similar to 

what happens in humans and mice. However, in another study, the activity of CYP1A was shown to 

be decreased after the exposure to TPM, but this could be due to the embryonic stage when the 

activity was measured 100. 

 

It has to be noted that zebrafish can obviously not inhale cigarette smoke, but the exposure of the 

whole body occurs in water through the skin. Usually, the zebrafish embryos are exposed to various 

doses of CSE, TPM or specific cigarette smoke components, such as nicotine, at different time points 

and observed for different effects during development (from fertilization to 120 hpf). A great 

advantage of zebrafish is their extracorporeal development, enabling easy monitoring and studying 

specific effects on the organ of interest by adjusting the period of exposure. Further, the influence 

can be investigated in several other stages – during the development of ovaries and/or testicles, 

which happens in week three and seven post fertilization, respectively (Fig. 1C) – and the exposure 

of adult fish is possible 107. In the literature, there are limited data about the effective doses of 

cigarette smoke extracts. One study showed that the doses causing toxic effects on zebrafish 

embryos are in small range of concentrations, that the effects largely overlap and are comparable to 

those that are caused by smoking during pregnancy (body axis malformations, head and trunk 
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abnormalities and significant developmental delay) 106. LD50 (lethal dose) for CSE of different brands 

of cigarettes varied from 25 to 50 µg/mL, and doses between 20 and 30 µg/mL having prominent 

effects on developmental malformations 106. Regarding a sole nicotine exposure, it has been shown 

that with constant nicotine concentration in water, the levels of nicotine in zebrafish plasma are 

constant, mimicking levels found in smokers individuals using nicotine patches 108. Thus, even if not 

all ingredients of cigarette smoke are soluble in water, zebrafish could present a good model to 

investigate the effect of single compounds of cigarette smoke and their defined combinations during 

specific phases of embryonic development. 

 

As mentioned above, there are several published studies addressing the effects of CSE on zebrafish 

development 93,106,109–111. All of these studies found developmental adverse effects when zebrafish 

embryos were exposed to CSE. In all cases, the effects of CSE were more toxic than single exposure 

to nicotine in equivalent doses. Studies so far predominantly explored toxicological effect on 

morphology and behavior, and little attention was given to molecular effects of CSE. One recent 

study investigated the use of gills as a model for studying immune responses in chronic lung 

diseases, such as asthma, COPD and idiopathic lung fibrosis 93. The exposure of adult fish to CSE 

increased the expression of pro-inflammatory cytokines tumor necrosis factor alpha (TNFα), IL-1β 

and matrix metallopeptidase 9 (MMP9) in the gills, which was not the case when acrolein or nicotine 

alone was used. After chronic exposure to CSE for 6 weeks, the gills developed structural changes 

without signs of inflammation or fibrosis 93. Additionally, numbers of gill neutrophils were 

decreased, which was attributed to increased apoptosis or formation of neutrophil extracellular 

traps (NETosis).  
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In the study of Massarsky and colleagues, embryos were exposed to different doses of nicotine alone 

or TPM extracts. Embryos exposed to nicotine alone did not vary significantly from the control 

group. On the contrary, embryos that were exposed to the doses of TPM equivalent to those of 

nicotine had an increase in developmental deformities, accompanied by delayed hatching, increased 

mortality, reduced body length and heart rate. The activity of CYP1A1 was decreased and of 

glutathione-S-transferase increased after the exposure 109. Ellis and colleagues monitored the acute 

and developmental effects of CSE as well as the effects on behavior, and showed that different 

cigarette brands led to different outcomes, with some overlaps. They found similar effects to those 

reported in the Massarsky study and showed altered expression of genes involved in xenobiotic 

metabolism (cyp1a1, cyp1b1, cyp2aa12, ahrr1), apoptosis (heat shock protein 70 (hsp70), growth 

arrest and DNA-damage-inducible, alpha, a (gadd45al)), pigment formation (cystathionine-beta-

synthase b (Cbsb), microphthalmia-associated transcription factor a (Mitfa)) and regulatory genes 

(p21 protein (Cdc42/Rac)-activated kinase 2a (pak2), Kruppel-like factor 2a (klf2a)) 106. Others 

studied the effects of CSE and e-cigarette aerosol on zebrafish cardiac development. They showed 

that both exposures had negative effects on cardiac development, but that the cigarette smoke was 

more toxic and had a broader spectrum of cardiac developmental defects 110. Taken together, these 

studies demonstrate that zebrafish is a useful model for testing the effects of water-soluble CSE on 

development and could provide a greater insight into the mechanisms by which cigarette smoke and 

its components establish their deleterious effects.  

As mentioned before, zebrafish can efficiently be used in transgenerational studies. 

Transgenerational inheritance in zebrafish has been shown in studies of hypoxia, dioxin, bisphenol A 

(BPA), hormones and a range of environmental pollutants 112–115. To the authors’ knowledge, there 

are no transgenerational studies on zebrafish on the effects of cigarette smoke, but one study 

addressed effects of nicotine on the F1 generation. This study investigated the consequences of 

maternal acute or chronic nicotine exposure and observed that there was an alteration in expression 

of myelin-related genes in the offspring 107. 
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In summary, it has been shown that exposure to CSE/TPM causes growth retardation during 

embryogenesis, as well as changes in expression of several genes comparable to that of human and 

mouse. Further studies on other hallmarks of respiratory diseases in zebrafish are needed, but 

zebrafish is emerging as a valuable model for respiratory diseases and transgenerational research 

and could prove to be an inexpensive and practical model bridging cell culture and mammalian 

studies. 

 

Conclusion  

Taken together each of the models has specific advantages and disadvantages for studies across 

generations (summarized in Table 1). In a synergistic approach, benefit could be taken of the 

comparatively fast replication of Drosophila melanogaster and Danio rerio to identify signaling 

pathways and epigenetic changes involved in early programming of disease risks and their potential 

transmission across multiple generations (Fig. 3). Preselected and highly conserved pathways can 

thus be investigated in a focused manner and more efficient than in the more laborious mouse 

model. The latter - different from flies and fish - allows to test how these pathways affect the 

asthma phenotype. The mouse models further allows preclinical testing of interventions preventing 

deregulation of pathways involved in transgenerational transmission of disease risks. The proposed 

stepwise research strategy will hopefully identify new molecular targets and efficiently verify pre-

identified molecular targets from human epidemiological and clinical studies. 
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Table 1 Characteristics of laboratory mouse, fly and fish in the context of transgenerational studies 

 M. musculus D. melanogaster D. rerio 

Immune system Innate & adaptive innate Innate and adaptive 

Lung & homologue Mammalian lung Tubular network of 
airways with branches; 
no alveoli  

Gills and swim bladder 

Lung (homologue) 
developmental 
stages clearly 
defined 

Yes Yes Yes 

Homology to 
human genome 

85% 116 60% 117 70% 

Maternal stress 
during embryonic 
development 

Partly controllable Partly controllable Controllable 

Extra corporal 
fertilization 

Feasible but very 
laborious 

Not possible Always 

F2 generation 
exposed via germ 
cells 

yes no no 

F1 generation 
exposed via 
mother 

yes yes no 

Multigenerational 
studies 

Take several months F3 reached within 3 
weeks 

F3 reached within 16-24 
weeks 

Paternal exposures Need ample breeding 
space 

Easy to perform Easy to perform 

Experimental 
asthma induction 

Standard procedure for 
various allergens 

Not possible Not possible 

Methylation 
analysis 

Possible Not possible Possible 

Histone 
modification 
analysis 

Possible Possible Possible 

miRNA analysis Possible Possible Possible 
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FIGURE LEGENDS 

Figure 1. Developmental stages of mouse, fruit fly and zebrafish. (A) Mus musculus: Starting with 

the conception, embryonic and fetal development occur until 19-21 days (d) of gestation. At birth 

(PND 0) the pups are blind, nude, the ears are closed and the toes are not spread. The offspring is 

weaned from the mother fully developed at PND 18-21 and starts puberty at 4 weeks of age. From 

3rd to 8th week mice are defined as juvenile and are considered adult at the age of 8 weeks. (B) 

Drosophila melanogaster: Fruit flies are holometabolous insects that undergo metamorphosis. Their 

life cycle comprise four distinct stages: egg (embryo), larva (1st, 2nd, 3rd instar), pupa (prepupa/white 

pupa, brown pupa), and imago (adult). Embryo and larva stages could cautiously be translated as an 

intra-uterine environment and pupa as childhood and adolescence. The rate of development 

depends among others on temperature, being faster at higher temperatures. For example, at 20°C, 

the life cycle lasts 14 or 15 days, whereas at 25°C, it is completed not later than on day 10. AED: after 

egg deposition. (C) Danio Rerio (adapted from 118): The zebrafish life cycle consists of four stages: 

embryo, larva, juvenile and adult. It takes around 10-12 weeks to develop from fertilized egg to 

adulthood. The first phases of development are very rapid and occur at predictable rate at 28°C. The 

increase or decrease in temperature changes the rate of early development, making it faster or 

slower, respectively.   

 

Figure 2. The respiratory systems of human, mouse, drosophila and zebrafish. (A-B) The human 

lungs are located in the thorax, where the left lung is divided in two lobes and the right lung has 

three lung lobes (A) with a dichotomous airway branching (B). (C-D) The murine lungs consist of one 

left lung lobe and four right lung lobes (C) and its airways branch monopodial (D). (E-F) The 

respiratory (tracheal) system of Drosophila consists of a highly branched network of epithelial tubes 

and air sacs of varying size (dorso-lateral view; oriented anterior left). Air enters and leaves the 

tracheal system through the breathing openings (spiracles) located laterally along the thorax and 
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abdomen. While the head and thoracic air sacs serve for gas storage, the abdominal tracheal system 

primarily functions in gas transport and exchange. (F) The abdominal tracheal system ramifies from 

proximal to distal, where they end up in terminal endings, the so-called tracheoles. There, oxygen 

enters directly the tissue or open blood system (hemolymph) via diffusion, while carbon dioxide 

(CO2) dissolved in the hemolymph are removed into the tracheal system in order to be excreted. (G-

H) The zebrafish respiratory organs are the gills but the air-filled organ swim bladder can also be 

used as a model for lung development (G). The swim bladder is connected to the oesophagus via 

pneumatic duct by which it fills with air. Gas exchange occurs in the lamellae of gill filaments which 

are in contact with water that runs from mouth through pharynx and exits through the caudal 

opening of the operculum (H). 

 

Figure 3. Proposed identification and selection strategy for pathways involved in early life 

programming of respiratory disease. Potential risk exposures are identified in children of human 

cohort studies. To identify the underlying mechanisms, zebrafish and fruit fly serve as models to 

investigate deregulated pathways and epigenetic modifications in short-time multigenerational 

studies. Observed alterations can be translated into mammalian models like the mouse to study 

resulting disease phenotypes in offspring. To confirm deregulated pathways, a validation in patient 

subgroups is needed. 
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