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Abstract

Tobacco smoke has harmful effects on a multi-organ level. Exposure to smoke,
whether in utero or environmental, significantly increases susceptibility. This susceptibility
has been identified to be divergent between males and females. However, there remains
a distinct lack of thorough research into the relationship between sex and exposure to
tobacco. Females tend to generate a more significant response than males during
adulthood exposure. The intrauterine environment is meticulously controlled, and
exposure to tobacco presents a significant factor that contributes to poor health outcomes
and susceptibility later in life. Analysis of these effects in relation to the sex of the offspring
is yet to be holistically reviewed and summarised. In this review, we will delineate the
time-dependent relationship between tobacco smoke exposure and sex-specific disease
susceptibility. We further outline possible biological mechanisms that may contribute to

the identified pattern.
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Sex-Specific effects of in utero and adult tobacco smoke
exposure

Background

The intrauterine environment is highly regulated to enable healthy fetal
development. Alterations to the molecular and chemical milieu predispose the fetus to
chronic diseases later in life. The 'developmental origins of disease' hypothesis describes
that changes to prenatal conditions induces adaptions which alter anatomical structure
and physiology to promote growth and success (27). These adaptations, although aiding
intrauterine survival, may not offer protection perinatally (27). A recent review details the
effects of maternal exposure to heavy metals, stress, tobacco smoke, and alcohol on the
health outcomes of offspring (17), identifying that tobacco smoking negatively impacts

multiple organ systems (17).

Tobacco smoking is a leading risk factor for non-communicable diseases (NCDs).
Although on the decline, smoking rates remain high worldwide. Smoke exposure remains
the leading preventable cause of chronic diseases such as chronic obstructive pulmonary
disease (COPD), cancer, and congenital heart disease (CHD) (3, 22, 38). Approximately
50% of women who smoke continue after discovering they are pregnant (48). As such,
maternal tobacco smoke (MTS) is the leading preventable cause of abnormal pregnancy
outcomes (48). MTS increases the likelihood of the newborn to suffer from various NCDs
in childhood and adulthood (6, 45, 54, 62). The biological mechanism driving this is yet to
be elucidated however hormones, epigenetics, oxidative stress, and DNA mutations have

all been postulated.
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Active smoking has an overall adverse health impact, and sex-specific effects are
recognised. Adult tobacco smoking has greater consequences in females, suffering
higher morbidity, and greater severity of tobacco-related disease (44). A meta-analysis
found smoking intensity increased the magnitude and likelihood of stroke in women
compared to men (53). Females had increased risk and severity of COPD and colorectal
cancer with similar smoking levels (3, 22). Despite a clear pattern in adulthood, sex-
specific prenatal effects of tobacco smoke exposure are rarely investigated appropriately

or thoroughly.

This review aims to highlight the importance of fetal sex in response to tobacco

smoke exposure in utero and compare these patterns to adult smoke exposure.

Sex Differences in Development

Sexual dimorphism exists in utero, with the male and female fetus' undergoing
distinct physiological and developmental processes. This is apparent in lung
development. Lung maturation is advanced in female fetuses, with mouth movement and
surfactant production starting at 18 weeks, whereas males reach this milestone after 20-
23 weeks (54, 56). As aresult, the female fetus can generate a robust response to various
exposures (56). The phenomenon of dysanapsis describes differences in fetal lung
development between the sexes. Male lungs have larger but fewer airways, while females
have more abundant yet smaller airways, enabling higher airflow rates (32). Increased
flow-rate enables greater adaptability in females to cope with adverse environments,
sustaining stable growth. This phenomenon persists until 18 years of age, when male

lung function overtakes females (32). The cause of delayed lung growth in males is
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unknown. It is a leading factor predisposing pre-pubertal males to asthma and lower

respiratory tract infections (LRTI) (55), from which young females appear to be protected.

Sex differences in fetal brain, heart, and overall growth also exist. Genes located
on the male-specific Y-chromosome drive sexual dimorphism in brain development (65)
The SRY gene, primarily known for testicular maturation (65), controls a cascade of
androgens regulating male brain development in utero (14). As evidence of dimorphism,
boys are liable to the creation of white matter by androgen stimulation; on the other hand,
estrogen in females is inhibitory (14). Fetal heart rate patterns also differ, highlighting a
divergence in male and female development. Males demonstrate increased heart-rate

variability (16), implying a lack of stability in growth compared to females.

Here, we present inherent differences between the sexes in the absence of
exogenous influences. However, the presence of this sexual dimorphism may leave either

sex more susceptible to the effects of in-utero exposure to external toxicants.

Sex-Specific susceptibility due to Tobacco Smoke

Modern medicine strives to design patient-specific 'personalised medicine." The
ideology is based on the heterogeneity of symptoms, pathology, and response to
treatment. This concept explains why interventions are effective for some individuals, yet
ineffective for others. As such, precise and distinct mechanisms regulate physiological
processes in everyone. Although sex is a fundamental characteristic, it is widely
overlooked or under-investigated as a determining factor in disease and is considered a
co-variate or confounding factor. As such, limited thorough research exists investigating

sex-specific effects of MTS and adult tobacco smoke exposure on disease susceptibility.
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Here we will detail sex-specific pathological sensitivity due to both in utero and adult

tobacco exposure.

Lung Function Decline

The process of dysanapsis is well-described and closely linked to sex differences
in respiratory outcomes (5, 76, 79). Males have decreased lung function compared to
females who consistently have higher maximal expiratory flow at functional residual
capacity (V'max FRC) perinatally (76, 83). MTS compounds this sex difference in lung
function, as shown by various cohort studies. A study of 6,740 Chinese children reported
independent negative correlation between MTS and post-natal smoke exposure on lung
function, with a greater response in males overall. Male adjusted odds ratio (OR) for
decreased forced vital capacity (FVC) in response to MTS OR6.46 (95% confidence
interval (Cl) 2.58 - 16.17) compared to the female OR 2.16 (95% CIl 0.96 - 4.88) (35).
Interestingly, this authors note an apparent protective effect of asthma diagnosis, with
non-asthmatic offspring presenting a more pronounced decrease in lung function
outcomes (35). A large North American cohort found male MTS-exposed offspring
consistently experience worse lung function outcomes (FEV1, FEV1/ FVC, FEFes-75%) than
female counterparts, when measured from 8 — 12 years (15). Therefore, MTS has a
lasting impact on lung development throughout childhood. The study is limited by its
sample size of MTS exposed children, most likely caused by underreporting of smoking
by mothers, reducing the ability differentiate MTS from postnatal smoke exposure.
Nonetheless, a reduction in male offspring lung function from MTS is supported by

multiple case-control cohort investigations (19, 31, 47, 52).
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Chronic Obstructive Pulmonary Disease

COPD is primarily an adult-onset disease, instigated by long-term exposure to
noxious gases causing chronic progressive lung function decline (70). As such, it is
challenging to associate MTS to COPD incidence as it is near impossible to differentiate
prenatal influence from life-long exposures. Generally, males report increased COPD
incidence; however, evidence supports greater female susceptibility (26). A cross-
sectional US cohort study, concluded a significantly greater percentage (64%) of adults
diagnosed with COPD were female from a cohort of 2,113 patients, possibly due to
lifetime environmental tobacco exposure(22). The authors also report no significant
relationship between MTS and COPD incidence (p = 0.051). Foreman et al. (2011), , find
females predominate early-onset COPD due to adult exposure (26). An alternative
perspective and interpretation was presented by a recent systematic review of 16 studies,
the authors assert MTS impairs physiological development and hence lung function
resulting in an increased risk of COPD development in adulthood (67). Therefore, as there
is a male-biased effect of MTS on lung function decline, men are predisposed towards
COPD development later in life. However, the age window of susceptibility may vary

between the sexes (71), requiring further investigation.

Asthma

The pattern of male sex being predominately affected by MTS disappears when
investigating asthma. A large Australian cohort reported that when mothers smoke more
than a pack a day, female offspring had an almost two-fold increased risk of asthma; OR
1.96 (95% CIl 1.25 - 2.08) (1). Males showed no association between MTS and asthma

at any age, with asthma risk-reducing upon postnatal smoke exposure (1). A Finnish
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study investigated the effect of mothers smoking greater than and less than 10 cigarettes
during pregnancy, and identified no significant difference in asthma incidence between
the sexes. A higher crude OR for female offspring of smoking mothers, although, males
demonstrate higher cumulative incidence of asthma irrespective of maternal smoking
level (39).During prepubescence, males dominate asthma incidence. At puberty, this
pattern reverses, and females dominate diagnoses with an increase in female cases
rather than a decline in male cases, with disease incidence equalising post-menopause
(61). This natural pattern confounds many MTS asthma studies, which assess asthma
diagnosis at age 14. As such, it is difficult to determine a definitive sex-link between MTS
and asthma. Thus, the methodology of future studies requires careful consideration to
sufficiently differentiate the temporal incidence of asthma with the effects of MTS. In
general, women are more likely to use healthcare compared to men when matching for
asthma status, indicating worse disease prognosis (44). Asthmatic females have greater
bronchial hyper-responsiveness to cigarette smoke, highlighting another sexual
dimorphism (44). In support, a large Swedish cohort, found smoking increases female
relative risk of adult-onset asthma with an increased rate ratio 1.3 (95% CI 1.0 — 1.6)
compared to men (74). Therefore, the respiratory effects of adult smoke exposure are

more pronounced in women.

Multi-Organ Effects

Sexual dimorphism in disease susceptibility due to tobacco smoke exposure
extends beyond the respiratory system, having multi-organ disease influences. Childhood
cancers such as leukemia, childhood brain tumors (CBT), and lymphomas report higher

incidence in boys than girls (6). Adult female smokers have a greater rate of cancer,
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despite lower smoking intensity than males (3). Anderson et al. (2010) found a statistically
significant increased risk of advanced colorectal neoplasia for mild smoking (10-30 pack
years) females OR 4.11 (95% CIl 1.88 — 9.01). Males only show increased disease
development risk with heavy smoking (= 30 pack years) OR 3.10 (95% CI 1.71 — 5.65),
which is similar to females at this smoking intensity (3). This contrasts with prenatal
exposure closely which is linked to increased risk of disease in males. Tettamanti et al.
(2016), identified in a large Swedish cohort, that smoking during pregnancy indicated a
trend towards increased childhood brain tumor incidence in male children aged between
five and nine years old, with a non-significant OR 1.23 (95% CI 0.91 — 1.67) (73). A recent
review supports this trend asserting that nicotine affects the male brain development
greater than in females (14). However, in contrast, large cohort studies find either a slight

increase or no link between MTS and the development of CBT (28, 78).

Intellectual and social disability is linked to the action of nicotine on fetal brain
development (14). Meta-analyses and cohort studies find increased male susceptibility to
intellectual disability (36, 37). MTS is asserted to primarily affect brain microstructure in
males, causing less-coherent fibers and myelination (13). This male-dominated risk is
attributed to genetic differences defined by the Y-chromosome (not present in females),

resulting in differential expression of genes in specific brain regions (65).

Smoke exposure increases congenital heart disease (CHD) risk with teratogenic
effects during early pregnancy fetal heart development. The incidence of CHD is higher
in children of smokers (60.9%) compared to non-smokers (35.8%) (42). A study of 365
neonates found an increased OR 2.75 (95% Cl 1.66 — 4.58) of CHD due to peri-

conceptual smoking, increasing with smoking intensity (42). Thus, the effects of tobacco
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smoke are highly persistent, possibly affecting gametes. A Brazilian longitudinal cohort at
follow-up, found female offspring exposed to MTS presented decreased HDL levels (33).
Although an indirect indicator, the authors assert females may be more sensitive to
cardiovascular disease due to MTS, due to reduced circulating HDL. Another study found
that the female offspring of smokers had lower HDL levels than males in a large British
cohort (62). These findings are reported in adult females, without pediatric effects of MTS
exposure reported, limiting the ability to make conclusions regarding the life-long effects
of smoke exposure. Adult female smokers have an overall increased risk of
cardiovascular disease, supported by a 50% increased risk of myocardial infarction due
to smoking (38, 63). Male mice offspring exposed to prenatal nicotine demonstrated a
higher risk of hypertension and increased arterial thickness, with no significant effect
observed for females (82). Alexander et al. (2011) assert that precise timing of in utero
exposures significantly impacts the subsequent cardiovascular outcome (2), accounting

for significant variability in the findings of the literature relating to cardiovascular disease.

Sex-Specific susceptibility due to E-Cigarette Exposure

The recent popularity of e-cigarettes or vapes as an alternative to traditional
tobacco smoking is important to acknowledge. Due to their perception of being “safer”, e-
cigarettes usage in pregnancy equals tobacco cigarette consumption (80). A detailed
review of 800 articles Limited studies of the long-term physiological effects of e-cigarette
products exist. McGrath-Morrow et al. (2015) identify a modest impairment of lung growth
by neonatal e-cigarette exposure but do not investigate any effect of sex (49). An
epidemiological study reported males comprise approximately 69% of patients suffering

lung injury associated with vaping, indicating a greater pathogenic effect in males (59). A
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deleterious multi-organ effect driving increased inflammatory response and cytotoxicity
supported by clinical and in vitro studies (8, 23). Striking similarities between tobacco and
e-cigarettes responses warrants further research of the long-term and sex-specific
effects of e-cigarettes. Across all NCDs discussed, the effect of MTS was weakened
with age (11), indicating a more substantial impact on pediatric outcomes and less of a
life-long impact. We have identified a distinctive male predominate effect of prenatal
smoke exposure with higher incidence and susceptibility across multiple organ systems.
Some studies report MTS-related effects in females; however, this is confounded by
unaccounted post-natal environmental and biological factors. The male fetus appears to
be more susceptible to the adverse effects of tobacco smoke, while female fetuses are
protected. This protection only lasts for the childhood years, with adult females
consistently experiencing more extreme forms of chronic disease from tobacco smoke

exposure (3, 12, 76). Our findings are summarised in Table 1.

Table 1: Summary of sexual dimorphism in disease susceptibility due to tobacco
smoke exposure prenatally and during adulthood.

Tobacco Smoke
Condition Evidence Prliﬁg;)sure Time
al Adult
o Tettamanti et al. 2016 (73) Male Male
Cancer e Botsivali & Kyrtopoulos 2019 (6) Male
e Anderson et al. 2011 (3) Female
e Drake etal. 2015 (21) Male
e Jaakola & Gissler 2007 (39)
Femal
e
Respiratory e Dotterud et al. 2013 (20) Male
e Huetal 2017 (35) Male
e Cunningham, Dockery & Speizer 1994 | Male
(15)
e Hayabakhsh et al. 2009 (31) Male
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e Toren & Hermansson 1999 (74) Female
e Kynyk, Mastronarde & McCallister Female
2011 (44)
e Miller et al. 2014 (51) Femal
e
e Moshammer et al. 2006 (52) Male
e Eisner et al. 2005 (22) Female
e Foreman et al. 2011 (26) Female
[ ]
e Hutchinson et al. 2009 (37) Male
Neuroloaical |° Cross, Linker & Leslie 2017 (14) Male
Conditigns e Appelman et al. 2015 (4) Female
e Peters, Huxley & Woodward 2013 (60) Female
e Chang et al. 2016 (13) Male
e Power, Atherton & Thomas 2010 (62) Femal
e
Cardiovascular | * Horta et al. 2011 (33) Femal
. e
Diseases e Prescott et al. 1998 (63) Female
e Huxley & Woodward 2011 (38) Female
e Xiao et al. 2008 (82) Male

Mechanisms of Susceptibility

Cleary, sexual dimorphism exists in disease susceptibility due to tobacco smoke
exposure. Importantly, the affected sex differs depending on in utero verse adulthood

exposure. Here, we outline possible mechanisms that may contribute to sex differences.

Sex Steroid Hormones

Hormones are a critical biological factor responsible for various phenotypic
differences between males and females. The primary male hormones are androgens
(testosterone), while in females; estrogens (estradiol) predominate, although both
function in either sex. Estrogens are pro-inflammatory increasing production of pro-
inflammatory cytokines such as TNF-a, IFN-y and IL-12, while downregulating the anti-

inflammatory cytokine IL-10 (68). Androgens have the opposite effect, increasing IL-10
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levels and suppressing production of IFN-y (68). Increased estrogen levels correlates with
greater production of cytochrome P450 enzymes; central to the metabolism of tobacco
into toxic intermediaries (72). As result, there is accelerated production of oxidative smoke
metabolites, which contribute to lung injury and inflammation. The prevalence and
strength of the estrogen's effects change over time. Mature young females generate a
more robust immune response, compared to males and older women, which is attributed
to higher blood estrogen levels (58). The immune response in male mice is increased
with exogenous estrogen, indicating a similar function of the hormone in both sexes (50,
68). Conversely, androgens act to suppress the innate immune response up-regulating
IL-10 production (30). Maternal testosterone levels are increased by 11% higher in
smokers, whilst no effect is seen for estrogen (75). Generally, post-menopausal women
tend to response similar to males with estrogen levels declining with age. However, this
remains an understudied phenomenon. Brand et al. (2011) find tobacco increases
circulating levels of both male and female associated hormones in post-menopausal
women but do not compare to perimenopause (9). Therefore, a close relationship exists

between tobacco smoke exposure and sex hormone levels in circulation.

Epigenetics

Males and females have comparable genomes, except for the male-specific Y-
chromosome; therefore, sex-biased gene regulation is likely to occur. Our group has
previously shown that sexual dimorphism is maintained ex vivo (64 ), supporting the notion
that an internal mechanism other than hormones drive observed sex differences. MTS is
well-established to alter the epigenome causing adverse effects in the lung (84).

Epigenetics is well-established as a mechanism influencing transcription, showing clear
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sexual-dimorphism in utero (46, 54). Ladd-Acosta et al. (2016) describe MTS-induced
sex-specific methylation patterns, where MTS-exposed female preschoolers had
increased methylation, with decreased methylation in males near the HLA-DPBZ2 gene
locus (46). Other studies identify that genes involved in the immune response and
defense against infection are altered in female infants, while genes regulating cancer,
developmental and neurological processes are affected in male infants (43). This partially
explains why males incur more developmental problems, particularly in childhood,
whereas, women experienced more smoking-induced chronic inflammatory diseases in
adulthood. Many smoking-related genes are differentially methylated in utero with AHRR
and CYP1A1; both central in tobacco smoke metabolism, and GF/1; which is essential
role to developmental processes and histone modification, (41). Of significance,
differential methylation caused by smoking shows no differences between males and
females in whole blood (86). Upon deeper investigation, the authors identify that males
have an increased tendency for DNA methylation alteration, with 42 differentially
methylated sites in males compared to 10 sites in females. Females demonstrate
alteration to immune-related genes due to adult smoke exposure, such as CCL13, CCL2,
and FCN1 (18). Breitling et al. (2011) assert that sexual dimorphism of DNA methylation
does not occur due to adulthood tobacco smoke exposure (10). Figure 1 highlights this
dynamic relationship between MTS and gene expression in utero presents as highly
valuable future research pathways to generate a holistic picture between sex, the

epigenome, and tobacco smoke.
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Figure 1: Sexual dimorphism in epigenetic changes between males and females depending
on the time of tobacco smoke exposure. & = male specific effect, ¢ = female specific effect.

Telomere Length

Telomeres are complicated nucleotide sequences located at the end of
chromosomes, functioning in cell division, chromosome stabilisation, and apoptosis (66).
Telomere length (TL) contributes to a variety of diseases. Shorter TL is linked with
atherosclerosis and cardiovascular diseases, while long TL is associated with cancers as
cellular longevity is increased (25). An association between the sex-specific relationship
between telomere length and smoking has been identified, and is summarised in Figure
2. MTS is linked with shorter TL in males (24). However, studies also find females
generally have longer TL than males across all ages, confounding these findings (25). An
in vitro investigation of telomeres in cord blood found only male telomere length was
negatively affected by smoke exposure in utero (24). The generally longer TL in females

may enable more stability and resilience to exposures, subsequently offering protection
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from short TL-associated diseases postnatal (29). Therefore, it is pertinent to investigate

how smoking directly influences TL and its link to sex-specific disease susceptibility.

Adult Females Adult Males

Q Longer telomere length
' shorter telomere length

‘t Resilience to smoke ‘ Reduced resilience

exposure
P Telomere Length to tobacco exposure
f Increased risk of Increased cardiovascular
cancer ‘ disease risk

Maternal Smoke
Exposure

d' Shortened telomere length
in males

‘Shortened life expectancy

Figure 2: Sexual dimorphism in the effect of tobacco smoke exposure on telomere length
depending on the time of exposure between males and females. & = male specific effect, ¢
= female specific effect.

Mitochondria

Mitochondria produce the energy currency of the cell adenosine-tri-phosphate
(ATP). But, mitochondrial functions extend beyond ATP energy production from hormone
synthesis to ionic regulation and apoptosis (77). The breakdown of mitochondria
bioenergetics in utero impacts various biological processes, proving detrimental to fetal
health. Tobacco smoke stimulates increased mitochondrial DNA copy number to
compensate for a decline in cellular respiratory function (34). MTS induces a breakdown
in enzymatic activity of placental mitochondria (7), negatively impacting the ability to

sustain optimum intrauterine conditions. Toxic products in tobacco smoke accumulate in
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the placenta (7), with tobacco smoke metabolized at a higher rate in the fetus. Therefore,
the interaction between smoking by-products: CO, nicotine, and thiocyanate contributes
to a breakdown in mitochondrial function (7). Our group recently found male mice
offspring exposed to smoke in utero showed an increase in mitophagy markers (Drp-1
and Opa-1, while no effect was seen in females (57). These proteins are markers of
mitochondrial fission and fusion, dysregulation of these markers can correlate with
disease severity through altered airway structure and function in asthma and COPD..
Optimised function of mitochondria in females was recognised in peripheral blood
mononuclear cells, where significantly greater mitochondrial activity was reported in
women (69). It is hypothesised that as mitochondria are maternally inherited, spending
more time under selection in females they are optimised for function in females rather
than males. Due to a greater functional ability female mitochondria may have more
resilience and improved ability to respond to stressors such as environmental smoke,
protecting females from reactive oxygen species (ROS) and oxidative stress. Ventura-
Clapier et al. (2017) thoroughly detail the tissue and sex specificity of mitochondria (77).
Figure 3 illustrates temporal sex differences of mitochondrial response, highlighting that
the mitochondria may significantly contribute to the disparity in disease susceptibility

between the sexes and warrants more in-depth investigation.
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? Increased female J' Reduced male
mitochondrial activity mitochondrial activity
4 Greater resilience to ¥ Decregsed antioxidant
environmental stressors capacity
Decreased risk of 4 Increased production of
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Mitochondrial Response 4 Increased risk of DNA

damage/mutation

Maternal Tobacco

Smoke Exposure
Mitochondrial DNA number

d' Breakdown of mitochondrial function
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Drp-1

‘.‘ Opa-1

Q No effect in females

Figure 3: Sexual dimorphism in mitochondrial responses between adult males and
females, and sex-specific effects of prenatal tobacco smoke exposure on fetal
mitochondria. &' = male specific effect, Q = female specific effect.

Conclusions

The intrauterine environment is a highly regulated and dynamic milieu of factors.
Hence, exposure of the fetus to tobacco smoke threatens outcomes for the offspring. We
have reviewed sexual dimorphism in disease susceptibility with the time of tobacco
smoke. We found compounding evidence that male offspring exposed to cigarette smoke
in utero have increased sensitivity to disease development in multiple organ systems,
with this trend reversed in adult exposure, where females show greater susceptibility (4).
Therefore, a distinct sexual dimorphism exists regarding the effects of tobacco smoke
exposure, with the time of exposure having a defining impact, as illustrated in Figure 4

and Figure 5.
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We have also discussed possible biological mechanisms driving sexual
dimorphism. Sex hormones, epigenetics, telomere length, and the mitochondrial
response may contribute either independently or concurrently to the sex disparity. Other
possible mechanisms not discussed include, genetic polymorphisms, chromosomal
aberrations, and the sex chromosomes. As a distinct temporal switch in sex-susceptibility
exists, it is possible different mechanisms function at different life-stages. Future research
must focus on the timing and intensity of exposures to develop a holistic understanding.
The outcomes of subsequent mechanistic studies can inform clinical responses, enabling

patient-specific interventions, and more effective treatments.
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Figure 4: Schematic summarising molecular mechanisms contributing to sex differences
in disease susceptibility of offspring in response to maternal tobacco smoke exposure.

4 = male specific effect, @ = female specific effect.
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Figure 5: Schematic summarising molecular mechanisms contributing to sex differences
in disease susceptibility caused by adulthood tobacco smoke exposure. & = male specific

effect, @ = female specific effect.




356

357

358

359

360

Disclosures

The authors have nothing to disclose

Funding

KDR is supported by a postgraduate research fellowship from the University of

Technology Sydney.



361

362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407

References

1. Alati R, Mamun AA, O'callaghan M, Najman JM, and Williams GM. In utero and postnatal
maternal smoking and asthma in adolescence. Epidemiology 138-144, 2006.

2. Alexander BT, Dasinger JH, and Intapad S. Fetal programming and cardiovascular pathology.
Comprehensive Physiology 5: 997-1025, 2011.

3. Anderson JC, Moezardalan K, Messina CR, Latreille M, and Shaw RD. Smoking and the
association of advanced colorectal neoplasia in an asymptomatic average risk population: analysis of
exposure and anatomical location in men and women. Digestive diseases and sciences 56: 3616-3623,
2011.

4. Appelman Y, van Rijn BB, Monique E, Boersma E, and Peters SA. Sex differences in
cardiovascular risk factors and disease prevention. Atherosclerosis 241: 211-218, 2015.

5. Becklake MR, and Kauffmann F. Gender differences in airway behaviour over the human life
span. Thorax 54:1119-1138, 1999.

6. Botsivali M, and Kyrtopoulos SA. Transplacental exposure to carcinogens and risks to children:
evidence from biomarker studies and the utility of omic profiling. Archives of Toxicology 1-25, 2019.

7. Bouhours-Nouet N, May-Panloup P, Coutant R, De Casson FB, Descamps P, Douay O, Reynier

P, Ritz P, Malthiery Y, and Simard G. Maternal smoking is associated with mitochondrial DNA depletion
and respiratory chain complex Il deficiency in placenta. American Journal of Physiology-Endocrinology
and Metabolism 288: E171-E177, 2005.

8. Bozier J, Rutting S, Xenaki D, Peters M, Adcock I, and Oliver BG. Heightened response to e-
cigarettes in COPD. ERJ Open Research 5: 00192-02018, 2019.
9. Brand JS, Chan M-F, Dowsett M, Folkerd E, Wareham NJ, Luben RN, van der Schouw YT, and

Khaw K-T. Cigarette smoking and endogenous sex hormones in postmenopausal women. The Journal of
Clinical Endocrinology & Metabolism 96: 3184-3192, 2011.

10. Breitling LP, Yang R, Korn B, Burwinkel B, and Brenner H. Tobacco-smoking-related differential
DNA methylation: 27K discovery and replication. The American Journal of Human Genetics 88: 450-457,
2011.

11. Burke H, Leonardi-Bee J, Hashim A, Pine-Abata H, Chen Y, Cook DG, Britton JR, and McKeever
TM. Prenatal and passive smoke exposure and incidence of asthma and wheeze: systematic review and
meta-analysis. Pediatrics 129: 735-744, 2012.

12. Casimir GJ, Lefevre N, Corazza F, and Duchateau J. Sex and inflammation in respiratory
diseases: a clinical viewpoint. Biology of sex differences 4: 16, 2013.

13. Chang L, Oishi K, Skranes J, Buchthal S, Cunningham E, Yamakawa R, Hayama S, Jiang CS,
Alicata D, and Hernandez A. Sex-specific alterations of white matter developmental trajectories in
infants with prenatal exposure to methamphetamine and tobacco. JAMA psychiatry 73: 1217-1227,
2016.

14. Cross SJ, Linker KE, and Leslie FM. Sex-dependent effects of nicotine on the developing brain.
Journal of neuroscience research 95: 422-436, 2017.

15. Cunningham J, Dockery DW, and Speizer FE. Maternal smoking during pregnancy as a predictor
of lung function in children. American journal of epidemiology 139: 1139-1152, 1994.

16. DiPietro JA, Costigan KA, and Voegtline KM. Studies in fetal behavior: Revisited, renewed, and
reimagined. Monographs of the Society for Research in Child Development 80: vii, 2015.

17. DiPietro JA, and Voegtline KM. The gestational foundation of sex differences in development
and vulnerability. Neuroscience 342: 4-20, 2017.

18. Dogan MV, Shields B, Cutrona C, Gao L, Gibbons FX, Simons R, Monick M, Brody GH, Tan K,
and Beach SR. The effect of smoking on DNA methylation of peripheral blood mononuclear cells from
African American women. BMC genomics 15: 151, 2014.



408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

19. Dong G-H, Wang D, Yang Z-H, Zhang P-F, Ren W-H, Zhao Y-D, and He Q-C. Gender-specific
differences in effects of prenatal and postnatal environmental tobacco smoke exposure on respiratory
symptoms in 23,474 children with and without allergic predisposition: results from 25 districts of
northeast China. International journal of environmental health research 21: 173-188, 2011.

20. Dotterud CK, Storrg O, Simpson MR, Johnsen R, and @ien T. The impact of pre-and postnatal
exposures on allergy related diseases in childhood: a controlled multicentre intervention study in
primary health care. BMC Public Health 13: 123, 2013.

21. Drake AJ, O’Shaughnessy PJ, Bhattacharya S, Monteiro A, Kerrigan D, Goetz S, Raab A, Rhind
SM, Sinclair KD, and Meharg AA. In utero exposure to cigarette chemicals induces sex-specific
disruption of one-carbon metabolism and DNA methylation in the human fetal liver. BMC medicine 13:
18, 2015.

22. Eisner MD, Balmes J, Katz PP, Trupin L, Yelin EH, and Blanc PD. Lifetime environmental tobacco
smoke exposure and the risk of chronic obstructive pulmonary disease. Environmental Health 4: 7, 2005.
23. Eltorai AE, Choi AR, and Eltorai AS. Impact of electronic cigarettes on various organ systems.

Respiratory care 64: 328-336, 2019.

24, Enlow MB, Bollati V, Sideridis G, Flom JD, Hoxha M, Hacker MR, and Wright RJ. Sex differences
in effects of maternal risk and protective factors in childhood and pregnancy on newborn telomere
length. Psychoneuroendocrinology 95: 74-85, 2018.

25. Factor-Litvak P, Susser E, Kezios K, McKeague |, Kark JD, Hoffman M, Kimura M, Wapner R, and
Aviv A. Leukocyte telomere length in newborns: implications for the role of telomeres in human disease.
Pediatrics 137: 2016.

26. Foreman MG, Zhang L, Murphy J, Hansel NN, Make B, Hokanson JE, Washko G, Regan EA,
Crapo JD, and Silverman EK. Early-onset chronic obstructive pulmonary disease is associated with
female sex, maternal factors, and African American race in the COPDGene Study. American journal of
respiratory and critical care medicine 184: 414-420, 2011.

27. Godfrey KM, and Barker DJ. Fetal programming and adult health. Public health nutrition 4: 611-
624, 2001.

28. Greenop KR, Blair EM, Bower C, Armstrong BK, Milne EJPb, and cancer. Factors relating to
pregnancy and birth and the risk of childhood brain tumors: Results from an Australian case—control
study. 61: 493-498, 2014.

29. Hallows SE, Regnault TR, and Betts DH. The long and short of it: the role of telomeres in fetal
origins of adult disease. Journal of pregnancy 2012: 2012.
30. Han Y-Y, Forno E, and Celeddn JC. Sex Steroid Hormones and Asthma in a Nationwide Study of

US Adults. American Journal of Respiratory and Critical Care Medicine 2019.

31. Hayatbakhsh MR, Sadasivam S, Mamun AA, Najman JM, Williams G, and O’callaghan M.
Maternal smoking during and after pregnancy and lung function in early adulthood: a prospective study.
Thorax 64: 810-814, 2009.

32. Hibbert M, Lannigan A, Raven J, Landau L, and Phelan P. Gender differences in lung growth.
Pediatric pulmonology 19: 129-134, 1995.

33. Horta BL, Gigante DP, Nazmi A, Silveira VMF, Oliveira I, and Victora CG. Maternal smoking
during pregnancy and risk factors for cardiovascular disease in adulthood. Atherosclerosis 219: 815-820,
2011.

34. Hsin-Chen L, Pen-Hui Y, Ching-You L, Chin-Wen C, and Yau-Huei W. Increase of mitochondria
and mitochondrial DNA in response to oxidative stress in human cells. Biochemical journal 348: 425-432,
2000.

35. Hu L-W, Yang M, Chen S, Shah K, Hailegiorgis Y, Burgens R, Vaughn M, Huang J, Xaverius P, and
Paul G. Effects of in utero and postnatal exposure to secondhand smoke on lung function by gender and
asthma status: the Seven Northeastern Cities (SNEC) Study. Respiration 93: 189-197, 2017.



456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

36. Huang J, Zhu T, Qu Y, and Mu D. Prenatal, perinatal and neonatal risk factors for intellectual
disability: a systemic review and meta-analysis. PloS one 11: e0153655, 2016.

37. Hutchinson J, Pickett KE, Green J, and Wakschlag LS. Smoking in pregnancy and disruptive
behaviour in 3-year-old boys and girls: an analysis of the UK Millennium Cohort Study. Journal of
Epidemiology & Community Health 64: 82-88, 2010.

38. Huxley RR, and Woodward M. Cigarette smoking as a risk factor for coronary heart disease in
women compared with men: a systematic review and meta-analysis of prospective cohort studies. The
Lancet 378: 1297-1305, 2011.

39. Jaakkola JJ, and Gissler M. Are girls more susceptible to the effects of prenatal exposure to
tobacco smoke on asthma? Epidemiology 18: 573-576, 2007.

40. Jedrychowski W, Perera F, Mrozek-Budzyn D, Mroz E, Flak E, Spengler JD, Edwards S, Jacek R,
Kaim |, and Skolicki Z. Gender differences in fetal growth of newborns exposed prenatally to airborne
fine particulate matter. Environmental research 109: 447-456, 2009.

41. Joubert BR, Haberg SE, Nilsen RM, Wang X, Vollset SE, Murphy SK, Huang Z, Hoyo C, Midttun
@, and Cupul-Uicab LA. 450K epigenome-wide scan identifies differential DNA methylation in newborns
related to maternal smoking during pregnancy. Environmental health perspectives 120: 1425-1431,
2012.

42. Karatza AA, Giannakopoulos I, Dassios TG, Belavgenis G, Mantagos SP, and Varvarigou AA.
Periconceptional tobacco smoking and Xisolated congenital heart defects in the neonatal period.
International journal of cardiology 148: 295-299, 2011.

43, Khulan B, Cooper WN, Skinner BM, Bauer J, Owens S, Prentice AM, Belteki G, Constancia M,
Dunger D, and Affara NA. Periconceptional maternal micronutrient supplementation is associated with
widespread gender related changes in the epigenome: a study of a unique resource in the Gambia.
Human molecular genetics 21: 2086-2101, 2012.

44, Kynyk JA, Mastronarde JG, and McCallister JW. Asthma, the sex difference. Current opinion in
pulmonary medicine 17: 6-11, 2011.

45, La Merrill MA, Cirillo PM, Krigbaum N, and Cohn B. The impact of prenatal parental tobacco
smoking on risk of diabetes mellitus in middle-aged women. Journal of developmental origins of health
and disease 6: 242-249, 2015.

46. Ladd-Acosta C, Shu C, Lee BK, Gidaya N, Singer A, Schieve LA, Schendel DE, Jones N, Daniels JL,
and Windham GC. Presence of an epigenetic signature of prenatal cigarette smoke exposure in
childhood. Environmental research 144: 139-148, 2016.

47. Li Y-F, Gilliland FD, Berhane K, McCONNELL R, James Gauderman W, Rappaport EB, and Peters
JM. Effects of in utero and environmental tobacco smoke exposure on lung function in boys and girls
with and without asthma. American journal of respiratory and critical care medicine 162: 2097-2104,
2000.

48. McEvoy CT, and Spindel ER. Pulmonary effects of maternal smoking on the fetus and child:
effects on lung development, respiratory morbidities, and life long lung health. Paediatric respiratory
reviews 21:27-33, 2017.

49. McGrath-Morrow SA, Hayashi M, Aherrera A, Lopez A, Malinina A, Collaco JM, Neptune E,
Klein JD, Winickoff JP, and Breysse P. The effects of electronic cigarette emissions on systemic cotinine
levels, weight and postnatal lung growth in neonatal mice. PloS one 10: e0118344, 2015.

50. Milette S, Hashimoto M, Perrino S, Qi S, Chen M, Ham B, Wang N, Istomine R, Lowy AM, and
Piccirillo CA. Sexual dimorphism and the role of estrogen in the immune microenvironment of liver
metastases. Nature Communications 10: 1-16, 2019.

51. Miller LL, Henderson J, Northstone K, Pembrey M, and Golding J. Do grandmaternal smoking
patterns influence the etiology of childhood asthma? Chest 145: 1213-1218, 2014.



503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

52. Moshammer H, Hoek G, Luttmann-Gibson H, Neuberger MA, Antova T, Gehring U, Hruba F,
Pattenden S, Rudnai P, and Slachtova H. Parental smoking and lung function in children: an
international study. American journal of respiratory and critical care medicine 173: 1255-1263, 2006.
53. Mucha L, Stephenson J, Morandi N, and Dirani R. Meta-analysis of disease risk associated with
smoking, by gender and intensity of smoking. Gender medicine 3: 279-291, 2006.

54. Murphy SK, Adigun A, Huang Z, Overcash F, Wang F, Jirtle RL, Schildkraut JM, Murtha AP,
Iversen ES, and Hoyo C. Gender-specific methylation differences in relation to prenatal exposure to
cigarette smoke. Gene 494: 36-43, 2012.

55. Newcomb DC, and Shah R. Sex bias in asthma prevalence and pathogenesis. Frontiers in
immunology 9: 2997, 2018.
56. Noél A, Xiao R, Perveen Z, Zaman H, Le Donne V, and Penn A. Sex-specific lung functional

changes in adult mice exposed only to second-hand smoke in utero. Respiratory research 18: 104, 2017.
57. Oliver B, Wang B, Chan Y, Zhou S, Saad S, and Chen H. Offspring sex affects the susceptibility to
maternal smoking-induced lung inflammation and the effect of maternal antioxidant supplementation in
mice. 2020.

58. Pardue M-L, and Wizemann TM. Exploring the biological contributions to human health: does
sex matter? National Academies Press, 2001.

59. Perrine CG, Pickens CM, Boehmer TK, King BA, Jones CM, DeSisto CL, Duca LM, Lekiachvili A,
Kenemer B, and Shamout M. Characteristics of a multistate outbreak of lung injury associated with e-
cigarette use, or vaping—United States, 2019. Morbidity and Mortality Weekly Report 68: 860, 2019.
60. Peters SA, Huxley RR, and Woodward M. Smoking as a risk factor for stroke in women
compared with men: A systematic review and meta-analysis of 81 cohorts, including 3 980 359
individuals and 42 401 strokes. Stroke 44: 2821-2828, 2013.

61. Postma DS. Gender differences in asthma development and progression. Gender medicine 4:
$133-S146, 2007.
62. Power C, Atherton K, and Thomas C. Maternal smoking in pregnancy, adult adiposity and other

risk factors for cardiovascular disease. Atherosclerosis 211: 643-648, 2010.

63. Prescott E, Hippe M, Schnohr P, Hein HO, and Vestbo J. Smoking and risk of myocardial
infarction in women and men: longitudinal population study. Bmj 316: 1043, 1998.

64. Reddy KD, Rutting S, Tonga K, Xenaki D, Simpson JL, McDonald VM, Plit M, Malouf M, Zakarya
R, and Oliver BG. Sexually dimorphic production of interleukin-6 in respiratory disease. Physiological
reports 8: e14459, 2020.

65. Reinius B, and Jazin E. Prenatal sex differences in the human brain. Molecular psychiatry 14:
988, 2009.

66. Salihu HM, Pradhan A, King L, Paothong A, Nwoga C, Marty PJ, and Whiteman V. Impact of
intrauterine tobacco exposure on fetal telomere length. American journal of obstetrics and gynecology
212:205. e201-205. 208, 2015.

67. Savran O, and Ulrik CS. Early life insults as determinants of chronic obstructive pulmonary
disease in adult life. International Journal of Chronic Obstructive Pulmonary Disease 13: 683, 2018.
68. Schurz H, Salie M, Tromp G, Hoal EG, Kinnear CJ, and Moéller M. The X chromosome and sex-

specific effects in infectious disease susceptibility. Human genomics 13: 2, 2019.

69. Silaidos C, Pilatus U, Grewal R, Matura S, Lienerth B, Pantel J, and Eckert G. Sex-associated
differences in mitochondrial function in human peripheral blood mononuclear cells (PBMCs) and brain.
Biology of sex Differences 9: 34, 2018.

70. SILVERMAN EK, WEISS ST, DRAZEN JM, CHAPMAN HA, CAREY V, CAMPBELL EJ, DENISH P,
SILVERMAN RA, CELEDON JC, and REILLY JJ. Gender-related differences in severe, early-onset chronic
obstructive pulmonary disease. American journal of respiratory and critical care medicine 162: 2152-
2158, 2000.



551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

591

71. Svanes C, Omenaas E, Jarvis D, Chinn S, Gulsvik A, and Burney P. Parental smoking in childhood
and adult obstructive lung disease: results from the European Community Respiratory Health Survey.
Thorax 59: 295-302, 2004.

72. Tam A, Morrish D, Wadsworth S, Dorscheid D, Man SP, and Sin DD. The role of female
hormones on lung function in chronic lung diseases. BMC women's health 11: 24, 2011.

73. Tettamanti G, Ljung R, Mathiesen T, Schwartzbaum J, and Feychting M. Maternal smoking
during pregnancy and the risk of childhood brain tumors: Results from a Swedish cohort study. Cancer
epidemiology 40: 67-72, 2016.

74. Toren K, and Hermansson B-A. Incidence rate of adult-onset asthma in relation to age, sex,
atopy and smoking: a Swedish population-based study of 15813 adults. The International Journal of
Tuberculosis and Lung Disease 3: 192-197, 1999.

75. Toriola AT, Vaarasmaki M, Lehtinen M, Zeleniuch-Jacquotte A, Lundin E, Rodgers K-G, Lakso H-
A, Chen T, Schock H, and Hallmans G. Determinants of maternal sex steroids during the first half of
pregnancy. Obstetrics and gynecology 118: 1029, 2011.

76. Townsend EA, Miller VM, and Prakash YS. Sex Differences and Sex Steroids in Lung Health and
Disease. Endocrine Reviews 33: 1-47, 2012.

77. Ventura-Clapier R, Moulin M, Piquereau J, Lemaire C, Mericskay M, Veksler V, and Garnier A.
Mitochondria: a central target for sex differences in pathologies. Clinical Science 131: 803-822, 2017.
78. Vienneau D, Infanger D, Feychting M, Schiiz J, Schmidt LS, Poulsen AH, Tettamanti G, Klaeboe
L, Kuehni CE, and Tynes T. A multinational case-control study on childhood brain tumours,
anthropogenic factors, birth characteristics and prenatal exposures: a validation of interview data.
Cancer epidemiology 40: 52-59, 2016.

79. Vrijlandt EJ, Gerritsen J, Boezen HM, and Duiverman EJ. Gender differences in respiratory
symptoms in 19-year-old adults born preterm. Respiratory research 6: 117, 2005.

80. Wagner NJ, Camerota M, and Propper C. Prevalence and perceptions of electronic cigarette use
during pregnancy. Maternal and child health journal 21: 1655-1661, 2017.

81. Wertelecki W, Hoff C, and Zansky S. Maternal smoking: greater effect on males, fetal tobacco
syndrome? Teratology 35: 317-320, 1987.

82. Xiao D, Xu Z, Huang X, Longo LD, Yang S, and Zhang L. Prenatal gender-related nicotine
exposure increases blood pressure response to angiotensin Il in adult offspring. Hypertension 51: 1239-
1247, 2008.

83. Young S, Sherrill DL, Arnott J, Diepeveen D, LeSouéf PN, and Landau LI. Parental factors
affecting respiratory function during the first year of life. Pediatric pulmonology 29: 331-340, 2000.

84. Zakarya R, Adcock I, and Oliver BG. Epigenetic impacts of maternal tobacco and e-vapour
exposure on the offspring lung. Clinical epigenetics 11: 32, 2019.
85. Zaren B, Lindmark G, and Bakketeig L. Maternal smoking affects fetal growth more in the male

fetus. Paediatric and perinatal epidemiology 14: 118-126, 2000.

86. Zeilinger S, Kiihnel B, Klopp N, Baurecht H, Kleinschmidt A, Gieger C, Weidinger S, Lattka E,
Adamski J, and Peters A. Tobacco smoking leads to extensive genome-wide changes in DNA
methylation. PloS one 8: €63812, 2013.



	Abstract
	Sex-Specific effects of in utero and adult tobacco smoke exposure
	Background
	Sex Differences in Development
	Sex-Specific susceptibility due to Tobacco Smoke
	Lung Function Decline
	Chronic Obstructive Pulmonary Disease
	Asthma
	Multi-Organ Effects

	Sex-Specific susceptibility due to E-Cigarette Exposure
	Mechanisms of Susceptibility
	Sex Steroid Hormones
	Epigenetics
	Telomere Length
	Mitochondria

	Conclusions
	Disclosures
	Funding
	References

