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Abstract
Polycyclic aromatic hydrocarbons (PAHs) such as benzo(a)pyrene (BaP) are
ubiquitous environmental contaminants. PAHs are toxicologically important for both
humans and wildlife in large part due to their mutagenic, carcinogenic, and teratogenic
properties. While the effects of adult and developmental exposures to PAHs are
relatively well characterized, the potential for PAHs to have effects across generations is
an emerging concern in the field of environmental health. In epidemiological studies,
prenatal exposure to PAHs is associated with adverse birth outcomes as well as later life
metabolic, neurological, and reproductive disorders— which have become global
human health epidemics. These findings have been validated in animal models, with
reduced survivorship, increased morphological deformities, and alterations in behavior,
physiology, and disease risk in multiple subsequent generations. However, the
mechanisms underlying the multigenerational effects of PAHs are poorly understood.
This dissertation focuses on mitochondrial contributions to the maternal and crossgenerational toxicity of PAHs.
Mitochondria are essential to the development, health, survival, and
reproduction of all aerobic organisms. The importance of maintaining mitochondrial
function for health is supported by the prevalence of mitochondrial diseases, which
clinically manifest in at least 1 in 4,300 people. Mitochondrial diseases often present with
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metabolic, neurological, and reproductive consequences, similar to those associated with
prenatal PAH exposures. Mitochondrial DNA (mtDNA) is maternally inherited and
undergoes bottlenecks (i.e. reductions in mtDNA copy number per cell) during
oogenesis and early embryonic development, creating potential for maternal and crossgenerational inheritance of mitochondrial diseases. Inheritance of mitochondrial
dysfunction across generations has been established for genetic, pharmacological, and
dietary etiologies. Notably, mitochondria are important targets of environmental
contaminants such as PAHs, which affect bioenergetics at multiple levels of biological
organization. However, the potential for environmental toxicant-induced mitochondrial
dysfunction to have persistent effects across multiple generations is still largely
uncharacterized. This is the knowledge gap we address in this dissertation.
To this end, we evaluate the persistent bioenergetic effects of BaP – a model PAH
and known mitochondrial toxicant – in F1 (maternally exposed) and F2 (crossgenerationally exposed or germline exposed) generations following a chronic maternal
(F0) dietary exposure using the model teleost Danio rerio. Maternally exposed F1
embryos exhibit reduced mitochondrial DNA integrity, reduced mitochondrial function
and efficiency, and impaired antioxidant defense systems during development, largely
in the absence of effects in exposed F0 females. Metabolic shifts during development
create potential for disease pathologies and reduced organismal fitness later in life. In F1
adults, mitochondrial dysfunction presents in cardiac tissue with reductions in
v

mitochondrial reserve capacity. Cardiac function and plasticity are key determinants of
fitness in the environment, and impaired function confers disease risk in humans.
Maternally BaP exposed F1 fish also exhibit altered locomotor activity throughout life
and reduced fear/anxiety behaviors as adults.
PAH-induced changes in mitochondrial function and metabolic plasticity persist
in the F2 embryos, two generations removed from the original BaP exposure, suggesting
cross-generational reductions in fitness may follow a single exposure event. Metabolic
consequences occur in F2 embryos at F0 exposure levels that do not cause significant
dysfunction in the F1 generation, with important implications for evaluating the risk
associated with the persistent effects of pollution (e.g. lasting impacts of oil spill events)
in the environment.
The ability to adjust metabolism is crucial for organisms to effectively respond to
a variety of natural and anthropogenic stressors, suggesting that organisms with
alterations in fundamental bioenergetic processes may be more sensitive to secondary
stressors. Herein we demonstrate that F2 organisms with a cross-generational history of
exposure exhibit altered metabolic response to thermal stress, reduced thermal
tolerance, and fitness tradeoffs. Cross-generational exposure to BaP potentiates
metabolic effects under thermal stress even in the absence of effects at baseline
temperature. Taken together, these data suggest that exposure to PAHs such as BaP
affects mitochondrial function, organismal physiology, behavior, and secondary stress
vi

response capacity across generations, creating potential for downstream population and
ecosystem level effects.
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1. Introduction
1.1 Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) such as benzo(a)pyrene (BaP) are
ubiquitous environmental contaminants that are derived from pyrogenic and petrogenic
sources (generated by combustion of organic matter and geological processes,
respectively), including both natural and anthropogenic emissions. Levels of PAHs are
continually increasing in the environment, in large part due to fossil fuel extraction and
combustion (Van Metre et al. 2000). PAHs are a toxicologically important class of
pollutants for both humans and wildlife due to their teratogenic, mutagenic, and
carcinogenic properties (Srogi 2007). The toxicity of many PAHs, including BaP, is
mediated via metabolic activation through the aryl hydrocarbon receptor (AHR)
pathway (Sjögren et al. 1996). The potential for PAHs to have effects across generations
is an emerging concern in both human and environmental health.

1.1.1 Cross-generational Toxicity of PAHs
In epidemiological studies, prenatal exposure to PAHs is associated with adverse
birth outcomes (e.g. neonatal death and decreased birth weight, head circumference,
growth (Veras et al. 2010)) as well as persistent metabolic, neurological, and
reproductive consequences later in life (Genc et al. 2012; Jedrychowski et al. 2015;
Mamsen et al. 2010; Perera et al. 2014; Perera et al. 2015; Perera et al. 2013; Perera et al.
1

2014; Richardson et al. 2014; Rundle et al. 2012; Scinicariello and Buser 2014; Sobinoff et
al. 2014; Weinberg et al. 1989)). In rodents, cross-generational exposure to PAHs have
been linked to fetal death, decreased birth weights, and birth defects, as well as
persistent behavioral and reproductive effects and increased cancer risk later in life and
in subsequent generations (Archibong et al. 2002; Crépeaux et al. 2012; Miller et al. 2016;
Mohamed et al. 2010; Turusov et al. 1990). Further, recent studies in fish models show
multigenerational effects of BaP exposure on survival, hatching, incidence of
deformities, bone integrity, neurobehavioral effects, body mass index, and organismal
aerobic respiration (Corrales et al. 2014b; Knecht et al. 2017; Seemann et al. 2015;
Seemann et al. 2017).

1.1.2 Proposed Mechanisms
The mechanisms underlying the cross-generational toxicity of PAHs are poorly
understood. Some potential candidates include genetic and epigenetic changes,
endocrine disruption, induction of the AHR pathway and cytochrome P450 metabolism,
induction of apoptosis, and oxidative stress (Perera et al. 2013). Converging evidence in
the literature suggest a significant role of epigenetic reprogramming in the crossgenerational toxicity of PAHs (Corrales et al. 2014a; Fang et al. 2013; Fang et al. 2015;
Herbstman et al. 2012; Knecht et al. 2017; Lee et al. 2017; Miller et al. 2016; Tang et al.
2012). However, a key hypothesis to investigate is that changes in mitochondrial
2

function and integrity and associated oxidative stress responses may contribute to the
cross-generational toxicity of PAHs. This putative mechanism has yet to be explored.

1.2 Mitochondria
Mitochondrial function and integrity are essential to the development, health,
and survival of aerobic organisms. In addition to energy metabolism, mitochondria play
important roles in regulating apoptosis, calcium signaling and homeostasis, production
of free radicals used in signaling pathways, and other functions crucial for cellular and
organismal health (Meyer et al. 2013). The importance of maintaining mitochondrial
function for health is supported by the prevalence of mitochondrial diseases, which
clinically manifest in at least 1 in 4,300 people (Gorman et al. 2015). Mitochondrial
disorders result from primary dysfunction of mitochondrial oxidative phosphorylation.
Mitochondrial disorders often affect the most metabolically active organ systems (e.g.
nervous system, muscles, endocrine system); however, dysfunction can manifest
heterogeneously across multiple organ systems or in a highly tissue-specific manner
(Pfeffer and Chinnery 2013).

1.2.1 Mitochondria are Vulnerable Targets of PAHs
Despite their importance, mitochondria are often undervalued as targets of
environmental contaminants in environmental toxicology and health studies. Notably,
mitochondria are important targets of PAHs— mitochondria accumulate PAHs due to
3

their lipid-rich double membrane structure, mitochondrial cytochrome P450s
metabolically activate PAHs to more reactive metabolites that can bind to
deoxyribonucleic acid (DNA) and proteins, and mitochondria lack the nucleotide
excision repair (NER) pathway required for the removal of bulky DNA lesions caused
by PAH metabolites (Figure 1) (Meyer et al. 2013).

1.2.2 PAHs Affect Mitochondrial Function and Integrity
PAHs affect mitochondrial function and energetics at multiple levels of
biological organization. PAHs induce damage in mitochondrial and nuclear DNA (Jung
et al. 2009a). Exposure to PAHs can also affect mitochondrial respiratory functions
including mitochondrial membrane potential, decreased adenosine triphosphate (ATP)
production, and morphology changes (Du et al. 2015). For example, exposure to BaP
increases proton leak in hepatocytes from Fundulus heteroclitus (Du et al. 2015), and
exposure to pyrene affects mitochondrial oxygen consumption and membrane potential
in Rana pipiens (Stabenau et al. 2008). PAHs can also have bioenergetic effects
manifesting at higher levels of biological organization. At the organismal level, both
adult acute and early life non-teratogenic exposures in fish affect aerobic metabolism
and reduce critical swimming speed (Brown et al. 2017; Klinger et al. 2015; Mager et al.
2014). Further, at the population level, shifts in fundamental bioenergetic processes
associated with adaptive resistance to PAHs comes with reduced metabolic plasticity
4

and bioenergetic fitness costs, which may reduce organismal ecological fitness (Brown et
al. 2017; Jayasundara et al. 2017; Lindberg et al. 2017).

1.2.3 A Role for PAHs in Mitochondrial Disease Etiologies?
The heath outcomes of prenatal exposure to PAHs observed in epidemiological
studies resemble the clinical manifestations of mitochondrial diseases, suggesting that
PAH-induced mitochondrial dysfunction may be able to contribute to the pathogenesis
of these disorders. This idea is in keeping with the hypothesis that environmentallyinduced mitochondrial dysfunction has contributed to the current global epidemics of
metabolic and degenerative diseases, aging, and cancer (Wallace 2005).
1.2.3.1 Mitochondrial Dysfunction and Oxidative Stress are Involved in the
Pathogenesis of Many Diseases
Mitochondrial diseases can present with multi-organ system dysfunction or
highly tissue-specific dysfunction in tissue types with high energy demands—with
effects spanning the neurological/psychiatric, cardiac, renal, musculoskeletal,
gastrointestinal, ocular, reproductive, endocrine systems (Pfeffer and Chinnery 2013).
While mitochondrial dysfunction is associated with a large and heterogeneous group of
diseases, the present review will focus on metabolic, neurological, and reproductive
consequences.
Dysfunction at the mitochondrial level can manifest as metabolic disorders at the
organismal level. Mitochondrial dysfunction is thought to be pathogenic in type II
5

diabetes, obesity, and metabolic syndrome (Lowell and Shulman 2005; Mabalirajan and
Ghosh 2013; Pugazhenthi et al. 2016). Further, mitochondrial dysfunction is thought to
be a central cause of insulin resistance, which is pathogenic in the aforementioned
metabolic diseases (e.g. type II diabetes, obesity, cardiometabolic syndrome) and may
also increase risk of hypertension, cardiovascular disease, nephropathy, retinopathy,
and neuropathy (Kim et al. 2008). Mitochondrial dysfunction and increased oxidative
stress are also thought to underlie decreased metabolic rates and increased prevalence of
metabolic disorders with age (Wallace 2005).
Mitochondrial dysfunction often manifests with neurological consequences. The
brain is particularly vulnerable to mitochondrial dysfunction due to high ATP demand
and increased mitochondrial production of reactive oxygen species (ROS) (Vafai and
Mootha 2012), as well as relatively low antioxidant defenses (Crouch et al. 2007) and
mtDNA repair capacity (Karahalil et al. 2002) compared with other tissue types.
Specifically, mitochondrial dysfunction and oxidative stress are thought to contribute to
the pathogenesis of both neurodegenerative diseases (e.g. Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease
(HD) (Bhat et al. 2015; Lin and Beal 2006)) and neurodevelopmental diseases (e.g. autism
spectrum disorder (ASD), bipolar disorder, schizophrenia, depression) (Ben-Shachar
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2002; Clay et al. 2011; Karabatsiakis et al. 2014; Prabakaran et al. 2004; Rossignol and
Frye 2012, 2014; Tobe 2013).
Mitochondrial dysfunction may also be pathogenic in both male and female
infertility (Jansen and Burton 2004). In males, mitochondria play important roles in
spermatogenesis and differentiation (Venkatesh et al. 2009). Mitochondrial dysfunction
can lead to spermatogenesis arrest, which may have a causative role in male infertility
(Cummins et al. 1994; Frank and Hurst 1996; St John et al. 1997). Further, mitochondrial
dysfunction also reduces sperm viability, motility, and fertilization rates (Marchetti et al.
2002). In females, mitochondria are crucial for oocyte maturation, fertilization
competence, and subsequent embryo developmental viability (Van Blerkom 2011).
Mitochondrial dysfunction can lead to maturation failure, arrested cell division, and
chromosomal aneuploidy (sometimes leading to spontaneous abortions or
developmental disabilities). Further, oocytes with fewer mitochondria have lower
fertilization rates than those with higher mitochondrial content, and fertilized embryos
with fewer mitochondria have decreased rates of normal development as well as
suboptimal implantation and placentation (Chappel 2013). Mitochondrial dysfunction
and increased oxidative stress are also thought to contribute to declining fertility with
age and eventual oopause (Jansen and Burton 2004).
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1.2.3.2 PAH Exposure is Associated with Similar Disease States
In epidemiological studies, both chronic and prenatal exposures to PAHs present
with similar consequences as the aforementioned mitochondrial diseases. Recent
epidemiological studies have linked chronic exposure to PAHs to metabolic diseases
such as type II diabetes (Alshaarawy et al. 2014; Yang et al. 2014), obesity, and metabolic
syndrome (Wei et al. 2016). Further, maternal exposure to ambient air PAHs during
pregnancy is correlated with increased risk of childhood obesity in their offspring
(Rundle et al. 2012; Scinicariello and Buser 2014), as well as increased risk of metabolic
syndrome (childhood glucose intolerance, dyslipidemia, hypertension, obesity,
increased risk of adult onset type II diabetes and cardiovascular disease, etc.) thought to
be associated with children being small for gestational age following maternal exposure
to PAHs (Boney et al. 2005; Choi et al. 2008). While the mechanisms underlying
metabolic diseases linked with PAH exposures are not well characterized, serum levels
of environmental mitochondrial toxins (e.g. persistent organic pollutants such as
dioxins) are correlated with insulin resistance and increased risk of metabolic syndrome
(Lee et al. 2010; Lee 2011; Lim et al. 2010). Further, environmental mitochondrial
toxicants are proposed to have contributed to the rise of the current global health
epidemics of metabolic diseases such as obesity, diabetes, and metabolic syndrome (Lim
et al. 2010).
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Chronic exposure to PAHs via air pollution is also linked to neurodegenerative
(AD, PD, stroke) and neurodevelopmental consequences (decreased intelligence
quotient (IQ), ASD, and schizophrenia) (Genc et al. 2012), and prenatal exposures are
associated with poor birth outcomes (e.g. decreased birth weight and growth) and
neurobehavioral changes (e.g. lower IQ, learning disabilities, anxiety, depression,
attention deficit hyperactivity disorder (ADHD), ASD) (Genc et al. 2012; Jedrychowski et
al. 2015; Perera et al. 2014; Perera et al. 2015; Perera et al. 2013; Perera et al. 2014).
Interestingly, perinatal PAH exposure has been linked to decreased brain metabolism
and persistent cognitive impairment (Crépeaux et al. 2012). Specifically, Crépeaux and
colleagues found that perinatal exposure to PAHs causes increased anxiety behaviors
later in life as well as regional decreases in brain metabolism (cytochrome c oxidase
activity) corresponding to areas controlling affected behaviors (e.g. areas of the limbic
system) (Crépeaux et al. 2012). Notably, altered brain metabolism is common in
neurological diseases. For example, changes in mitochondrial function and oxidative
stress are observed in brain regions controlling affected behaviors in ASD patients
(Rossignol and Frye 2014).
Chronic exposure to PAHs via air pollution is also associated with decreased
fertility and adverse birth outcomes in epidemiological studies. Human fertility rates
decline as traffic related air pollution rises (Nieuwenhuijsen et al. 2014). In men,
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exposure to air pollution is associated with reduced sperm motility, counts, and
morphology as well as increased sperm DNA damage, fragmentation, and mutations
(Deng et al. 2016; Hammoud et al. 2010; Somers and Cooper 2009; Somers 2011). In
women, exposure to air pollution is associated with decreased fertility, adverse birth
outcomes (e.g. intrauterine growth retardation, premature birth, low birth weight,
decreased head circumference), and reduced fetal health (e.g. neonatal death and
reduced growth, as well as the metabolic and neurodevelopmental consequences
described above) (Veras et al. 2010). Interestingly, both males and females prenatally
exposed to tobacco smoke exhibit reduced fertility later in life (Mamsen et al. 2010;
Richardson et al. 2014; Sobinoff et al. 2014; Weinberg et al. 1989). The mechanisms
underlying the reproductive toxicity of air pollution have not been well characterized;
however, the roles of mitochondrial dysfunction and oxidative stress merit further
investigation. For example, exposure to dioxin, whose toxicity is mediated via the AHR
pathway like BaP, affects mitochondrial membrane potential and induces ROS
generation in spermatozoa (Fisher et al. 2005). Further, exposure to PAHs in tobacco
smoke or dioxin is thought to reduce ovarian function via binding to the AHR receptor,
inducing transcription of the mitochondrial protein Bax, and leading to premature death
of ovarian follicles via apoptosis (Grindler and Moley 2013; Matikainen et al. 2001).

10

1.2.4 Maternal and Cross-generational Inheritance of Mitochondrial
Dysfunction
Notably, mitochondria are maternally inherited, and mitochondrial DNA is
partitioned between daughter cells without replication during oogenesis and early
embryonic development, resulting in drastic declines in mitochondrial DNA copy
numbers (Chappel 2013; Mishra and Chan 2014). The mtDNA bottlenecks during
oogenesis and early embryonic development create greater potential for mitochondrial
insufficiency and reduced buffering capacity against mitochondrial heteroplasmy or
damage, increasing the likelihood of maternal and cross-generational inheritance of
mitochondrial dysfunction, which can manifest with heterogeneity in somatic or
reproductive tissues in the F1 generation and with systemic mitochondrial defects in the
F2 generation (Krishnan et al. 2008) (Chappel 2013). Mitochondrial dysfunction has been
relatively well documented in offspring of affected mothers for genetic and
pharmacological etiologies. For example, children of HIV positive mothers taking
nucleoside reverse transcriptase inhibitors (NRTIs) are at increased risk of mitochondrial
disease (Divi et al. 2005; Divi et al. 2007; Divi et al. 2010; Liu et al. 2016; Morén et al. 2015;
Torres et al. 2010; Walker et al. 2004). Multigenerational mitochondrial consequences
have also been established in rodent models following F0 exposure to a high fat/sugar
diet (Saben et al. 2016). However, cross-generational inheritance of environmental
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toxicant induced-mitochondrial dysfunction is only beginning to be explored (Ditzel et
al. 2016; Godschalk et al. 2018; Stapleton et al. 2015).

1.3 Zebrafish
Zebrafish are a well-established model for developmental biology due to their
inexpensive maintenance, external and transparent embryonic development, and high
conservation of genetic information and physiological processes with humans. Further,
the high fecundity and short generation time (3-4 months) of zebrafish make them an
ideal model for use in multigenerational experiments (Baker et al. 2014a; Baker et al.
2014b; Corrales et al. 2014b; Knecht et al. 2017). The utility of zebrafish for studying
mitochondrial biology, diseases, and toxicants has been established (Pinho et al. 2013;
Sasagawa et al. 2016; Steele et al. 2014). The zebrafish mitochondrial genome has been
fully sequenced, encodes the same 37 genes, and shares 70% homology with the human
mitochondrial genome (Broughton et al. 2001). Maternal inheritance of the
mitochondrial genome is conserved in zebrafish (Artuso et al. 2012; Otten et al. 2016). In
contrast to mammalian models, zebrafish embryos primarily inherit the paternal
methylome (Jiang et al. 2013). Further, recent methodological advances allow for the
characterization of mitochondrial function in vivo in zebrafish embryos and larvae as
well as ex vivo in target tissues, enabling incorporation of organ and organismal
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complexity into investigations of effects of mitochondrial toxicants (Jayasundara et al.
2015a; Raftery et al. 2017; Stackley et al. 2011).

1.4 Dissertation Objectives and Outline
PAHs can have persistent effects across generations, PAHs are mitochondrial
toxicants, and genetic or pharmacologically induced mitochondrial dysfunction can
have cross-generational effects. Further, cross-generational PAH exposures are
associated with similar physiological effects as mitochondrial diseases. Taken together,
these data suggest that PAH-induced mitochondrial dysfunction may contribute to their
cross-generational toxicity. However, the potential for PAH-induced changes in
mitochondrial function and integrity to have persistent effects across generations is still
uncharacterized. To this end, the overarching aim of the project is to characterize the
role of mitochondria in the maternal and cross-generational toxicity of PAHs, with
applications in both human disease etiology and organismal ecological fitness. This
dissertation is organized into three research chapters. The objectives of each chapter are
outlined below
•

Chapter 2: To characterize the bioenergetic effects of maternal exposure to
benzo(a)pyrene (BaP) in F0 female gonads and F1 offspring in Danio rerio
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•

Chapter 3: To characterize persistent later life bioenergetic, behavioral,
and reproductive consequences of maternal exposure to BaP in the F1
generation, as well as cross-generational effects in the F2 generation

•

Chapter 4: To determine whether cross-generational exposure to BaP
affects a F2 fish’s secondary stress response capacity

The results, implications, and future directions of this work are discussed in
Chapter 5. The work described herein represents the first demonstration that
environmental toxicant-induced changes in mitochondrial bioenergetic function and
metabolic plasticity can persist in at least two generations removed from an original
exposure.
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Figure 1: Factors affecting mitochondrial vulnerability to environmental
mitochondrial toxicants, including the polycyclic aromatic hydrocarbon
benzo(a)pyrene (BaP). Of relevance to the present study, mitochondria accumulate
lipophilic compounds such as BaP, metabolically activate BaP to more reactive
metabolites, and lack the pathway (nucleotide excision repair (NER)) required to
remove bulky DNA lesions caused by BaP metabolites. Adapted from Meyer et al.
(2013).
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2. Mitochondrial Dysfunction and Oxidative Stress
Contribute to Cross-generational Toxicity of
Benzo(a)pyrene
This chapter will be submitted as: Kozal, J.S., Jayasundara, N., Lindberg, C.D.,
Massarsky, A., Oliveri, A.N., Cooper, E.M., Levin, E.D., Meyer, J.N., and Di Giulio, R.T.
Mitochondrial dysfunction and oxidative stress contribute to cross-generational toxicity
of benzo(a)pyrene in Danio rerio. Ellen M. Cooper developed the analytical chemistry
method and performed the analyses.

2.1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) such as benzo(a)pyrene (BaP) are
ubiquitous environmental contaminants that are derived from pyrogenic and petrogenic
sources, including both natural and anthropogenic emissions. PAHs are well established
as a toxicologically important class of pollutants for both humans and wildlife due to
their teratogenic, mutagenic, and carcinogenic properties (Srogi 2007). While the effects
of adult and developmental exposures to PAHs are relatively well characterized, the
potential for PAHs to have cross-generational effects is an emerging concern for
environmental health.
In epidemiological studies, prenatal exposure to PAHs via air pollution or
maternal smoking is associated with adverse birth outcomes as well as later life
metabolic, neurological, and reproductive disorders— which have become global
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human health epidemics (Genc et al. 2012; Jedrychowski et al. 2015; Mamsen et al. 2010;
Perera et al. 2005; Perera et al. 2009; Perera et al. 2014; Perera et al. 2015; Perera et al.
1996; Perera et al. 2004; Perera et al. 2012; Perera et al. 2013; Perera et al. 2014;
Richardson et al. 2014; Rundle et al. 2012; Scinicariello and Buser 2014; Sobinoff et al.
2014; Veras et al. 2010; Weinberg et al. 1989). In rodents, cross-generational exposure to
PAHs has been linked to fetal death, decreased birth weights, and birth defects, as well
as persistent behavioral and reproductive effects and increased cancer risk later in life
and in subsequent generations (Archibong et al. 2002; Crépeaux et al. 2012; Miller et al.
2016; Mohamed et al. 2010; Turusov et al. 1990). Further, recent studies in fish models
show multigenerational effects of BaP exposure on survival, hatching, incidence of
deformities, bone integrity, neurobehavioral effects, body mass index, and organismal
aerobic respiration (Corrales et al. 2014b; Knecht et al. 2017; Seemann et al. 2015;
Seemann et al. 2017).
The mechanism(s) underlying the cross-generational toxicity of PAHs are poorly
understood. Multigenerational effects are complex and likely arise from a combination
of factors including induction of the aryl hydrocarbon receptor pathway and
cytochrome P450 metabolism, irreparable DNA damage, genetic and epigenetic
alterations, induction of apoptotic pathways, oxidative stress, and endocrine disruption
(Perera et al. 2013). Converging evidence suggests that heritable epigenetic changes play
17

a significant role in the cross-generational toxicity of PAHs including BaP (Corrales et al.
2014a; Fang et al. 2013; Fang et al. 2015; Herbstman et al. 2012; Knecht et al. 2017; Lee et
al. 2017; Miller et al. 2016; Tang et al. 2012).
However, a key hypothesis to investigate is that changes in mitochondrial
function and integrity and associated oxidative stress responses may contribute to the
cross-generational toxicity of PAHs. Mitochondria are important and vulnerable targets
of PAHs— mitochondria accumulate PAHs due to their lipid-rich double membrane
structure, mitochondrial cytochrome P450s metabolically activate PAHs to more reactive
metabolites which can bind to DNA and proteins, and mitochondria lack the nucleotide
excision repair (NER) pathway required for the removal of bulky DNA lesions caused
by PAHs (Meyer et al. 2013). PAHs have been shown to induce irreparable damage in
mitochondrial genome and affect mitochondrial morphology, respiratory functions (e.g.
decreased membrane potential and ATP production), and apoptosis signaling (Du et al.
2015; Jung et al. 2009a; Matikainen et al. 2001; Meyer et al. 2013).
In addition to genetic inheritance of mitochondrial diseases, mitochondrial
dysfunction has been demonstrated in offspring of affected mothers for pharmacological
(i.e. NRTIs) and dietary etiologies (i.e. high-fat diet) (Divi et al. 2005; Divi et al. 2007;
Divi et al. 2010; Liu et al. 2016; Saben et al. 2016; Torres et al. 2010; Walker et al. 2004).
However, the potential for environmental toxicant-induced changes in mitochondrial
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integrity and function to have persistent effects across generations is only beginning to
be explored (Ditzel et al. 2016; Godschalk et al. 2018; Stapleton et al. 2015). While
mechanistic evidence is wanting to link cross-generational toxicity of PAHs to
mitochondrial dysfunction, epidemiological studies suggest that reductions in placental
mitochondrial DNA content statistically mediate 5-10% of the observed reductions in
birth weight and growth of infants prenatally exposure to air pollution (Clemente et al.
2016; Clemente et al. 2017), and mitochondrial respiratory chain complex III deficiency
has been quantified in placental mitochondria isolated from maternal tobacco smokers
(Bouhours-Nouet et al. 2005). Further, in rats, perinatal exposure to PAHs was linked to
decreased cytochrome c oxidase activity in brain regions associated with anxiety
behaviors (Crépeaux et al. 2012). In mice, paternal exposure to BaP was linked to
decreased expression of mitochondrial proteins, reduced mtDNA copy number, and
reduced activity of mitochondrial enzymes in livers from male offspring, and these
effects are thought to be regulated by increased levels of micro ribonucleic acids (RNAs)
in paternally exposed males (Godschalk et al. 2018). Transgenerational exposure to BaP
in zebrafish resulted in reduced in total basal oxygen consumption rates in F2 generation
embryos and increased aerobic respiration at baseline and while exercising in F2 adults
(Knecht et al. 2017).
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In the present study, we investigate the role of mitochondria in the crossgenerational toxicity of PAHs using Danio rerio. Zebrafish have a short generation time
(3-4 months), high fecundity, and relatively inexpensive maintenance making them a
preferred vertebrate model for multigenerational studies of toxicants such as BaP (Baker
et al. 2014a; Baker et al. 2014b; Corrales et al. 2014b; Knecht et al. 2017). Zebrafish are
also an emerging model for studying mitochondrial biology, diseases, and effects of
pharmacological and environmental toxicants due to high conservation of genetic
information and physiological processes (Pinho et al. 2013; Sasagawa et al. 2016; Steele et
al. 2014). Further, recent development of methods to assess mitochondrial function in
vivo in zebrafish embryos and larvae as well as ex vivo in target tissues allows for
incorporation of organ and organismal complexity into effects of mitochondrial
toxicants (Jayasundara et al. 2015a; Raftery et al. 2017; Stackley et al. 2011). Of relevance
to the present study, mitochondrial DNA is maternally inherited in zebrafish, consistent
with mammalian systems (Artuso et al. 2012; Otten et al. 2016). However, zebrafish
embryos primarily inherit the sperm DNA methylome (Jiang et al. 2013). Thus, by
exposing female but not male F0 zebrafish in the present study, we aim to target
mitochondrial contributions while reducing epigenetic contributions.
Herein, a comparative physiology approach was taken to evaluate the effects of
maternal exposure to BaP on mitochondrial function and integrity as well as antioxidant
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defense systems in both ovary tissues from exposed F0 females as well as F1
embryos/larvae. Specifically, we aimed to determine (i) whether exposure to BaP affects
bioenergetics in F0 female ovary tissues, (ii) whether these effects persist in the
maternally exposed F1 generation, and (iii) whether F1 offspring were more sensitive
than F0 females. Collectively, the present study suggests that mitochondrial dysfunction
and associated oxidative stress may contribute to the cross-generational toxicity of
polycyclic aromatic hydrocarbons such as benzo(a)pyrene.

2.2 Materials and Methods
2.2.1 Zebrafish Care
Laboratory reared wild-type (Tropical 5D) D. rerio were maintained in a
recirculating AHAB system (Aquatic Habitats, Inc., Apopka, FL, USA) on a 14:10 h
light/dark cycle. Water quality was maintained at 28-29 °C, pH 7.0-7.5, and 60 ppm
artificial seawater (ASW; Instant Ocean, Foster & Smith, Rhinelander, WI, USA). Adult
fish were fed twice daily ad libitum with Artemia nauplii in the morning and Zeigler’s
Adult Zebrafish Complete Diet (Zeigler Bros., Inc., Gardners, PA, USA) in the afternoon.

2.2.2 Maternal (F0) Dietary Benzo(a)pyrene Exposure
Sixty healthy reproductively mature female zebrafish (approximately 1 year old)
were selected as the F0 generation. F0 females were fed either acetone-treated (control)
or BaP-treated (nominally equivalent to 12.5, 125, or 1250 µg BaP/g diet) decapsulated
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brine shrimp eggs (for measured concentrations, see 2.3.1 Analytical Chemistry). The
BaP concentrations and exposure regime were adapted with modification from a
previous study finding multigenerational effects of benzo(a)pyrene exposure in
zebrafish (Corrales et al. 2014b). To prepare the spiked diet, 36 g of decapuslated brine
shrimp eggs were spiked with 27 mL of acetone containing BaP (0, 0.01667, 0.1667, or
1.667 µg/L). The spiked diets were air dried and stored in amber jars at room
temperature. F0 females were housed at a density of 5 fish per 9.4 L aquarium (Pacific
Coast Distributing, Inc., Phoenix, AZ, USA) with hanging filters, with three replicate
tanks per treatment group. Water quality and photoperiod were maintained as above.
Fish were allowed to acclimate for a week while being transitioned to a diet of untreated
decapsulated brine shrimp eggs. The first day of the acclimation period and the day
before the start of the exposure, the females were spawned with naïve males in breeder
tanks at a 5:3 ratio to purge them of their existing mature oocytes. During the exposure,
fish were fed 1% body weight twice/day of the corresponding BaP-treated food for 21
days (nominally equivalent to 0, 250, 2500, 25000 ng BaP/g fish). On day 22, the
experimental females were spawned with naïve males in breeder tanks at a 5:3 ratio and
the eggs were collected, maintained in embryo medium (30% Danieau), and placed in an
incubator at 28 °C. On days 23 and 24, the females were euthanized for subsequent
analyses.
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2.2.3 Analytical Chemistry
Concentrations of BaP in fish food were measured on days 0 and 21. Briefly, 2-10
mg fish food was spiked 100 µL with D12-benzo(a)pyrene internal standard
(AccuStandard, New Haven, CT, USA) and extracted by sonicating 10 min in 0.5 mL 1:1
hexane:acetone followed by centrifugation for 1 min at 10,000 x g. The organic layer was
transferred to an autosampler vial and the pellet extracted twice more, combining the
organic fractions. Extracts were concentrated under N2 to 200 µL, exchanged into hexane
and spiked with D12-pyrene (AccuStandard) as a secondary internal standard to
calculate recoveries of D12-benzo(a)pyrene, and diluted to 1 mL with hexane. Triplicate
blanks containing no fish food were processed along with samples. Samples were
analyzed by gas chromatography-mass spectrometry (GC-MS) in electron ionization
mode using selected ion monitoring (Agilent 7890A GC, 5975C MS; Agilent,
Wilmington, DE, USA). Analytes were separated using an Agilent DB-5ms column (0.25
mm ID 30 m; 0.25 µm film), 2 µL injection, and thermal gradient (80 °C for 1 min; 20 °
C/min to 300 °C, 300 °C for 10 min) at 1.2 mL/min constant flow. BaP and the masslabeled internal standards were detected at 252 and 264 m/z, respectively. Recoveries of
D12-benzo(a)pyrene were 95 ± 3%, and the method detection limit was 0.07 ng/mg.

2.2.4 Mitochondrial Function
Mitochondrial function and respiratory partitioning were characterized ex vivo in
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F0 tissues and in vivo in F1 embryos using an Agilent Seahorse XFe24 Extracellular Flux
Analyzer (Agilent Technologies, Santa Clara, CA, USA). Oxygen consumption rate
(OCR) measurements were taken before and after pharmacological induction (carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)) or inhibition (oligomycin and
sodium azide or a mix of antimycin A and rotenone) (Sigma-Aldrich, St. Louis, MO,
USA). The three lowest basal OCR measurements from each sample were averaged to
estimate total basal respiration. To obtain change in OCR due to pharmacological agents,
the three highest OCR measurements were averaged post FCCP treatment, and the three
lowest measurements were averaged post oligomycin, sodium azide, or antimycin A +
rotenone treatment. OCRs due to various mitochondrial parameters were calculated
using the measured OCR parameters (Figure 2). Working concentrations for
pharmacological inhibitors and instrument settings can be found in Table 1. All assays
were run at 28 °C in XF24 islet capture microplates (Agilent Technologies), and at least
two wells per plate did not contain samples and served as temperature controls for
background normalization.
2.2.4.1 F0 Female Tissues
Mitochondrial respiration was characterized ex vivo in ovary, heart, brain, and
liver tissue from F0 females (n=14-15; 4-5 females per tank, 3 tanks per treatment) using
a high-throughout tissue bioenergetics analysis method, which has been previously
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described for zebrafish heart, brain, and liver tissues (Jayasundara et al. 2015a). This
method adapted for use with ovary tissue in the present study. While not utilized
herein, an analogous method was concurrently developed for testes tissue. Optimized
methodological parameters can be found in Table 1. In brief, fish were anesthetized on
ice, euthanized by cervical dislocation, weighed, and dissected. Full heart and brain
tissues and < 10 mg samples of liver and ovary (or testes) tissues were placed in separate
wells containing 525 µL a Ringer’s solution (pH 7.0 at 28 °C) (Jayasundara et al. 2015a).
The dissection of each fish took approximately 2 minutes, and the plate was stored in a
28 °C incubator for 30-45 min following completion of dissections and prior to analysis
by the XFe24 Extracellular Flux Analyzer. FCCP injections were used for ovary and heart
tissues, and antimycin A + rotenone injections were used for all tissues.
2.2.4.2 F1 Embryos
Mitochondrial respiration was characterized in vivo in F1 zebrafish embryos
(n=15-18; 5-6 wells per maternal tank, 3 tanks per treatment), as previously described
(Massarsky et al. 2015; Stackley et al. 2011). In brief, paired embryos were staged in 700
µL of 65 ppm ASW in separate wells (2 embryos/well). Bioenergetic profiling of F1
embryos was conducted at two time points; between 24-28 hours post fertilization (hpf)
and between 36-40 hpf. At each time point, two paired plates were run back to back, the
first using FCCP and sodium azide injections, and the second using oligomycin and
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sodium azide injections. FCCP and Oligomycin inhibition were performed in separate
trials because preliminary studies found that OCR rates for FCCP treatment following
oligomycin treatment were lower and more variable than those obtained for FCCP
treatment alone; however, OCR rates for sodium azide were not found to depend on
pre-treatment.

2.2.5 Mitochondrial DNA
Mitochondrial DNA damage and copy number were evaluated in F0 female
ovary tissues and F1 embryos. Specifically, one 10-20 mg ovary tissue sample was
collected from 4-5 F0 females during the dissections described previously. Further,
pooled samples of 12 F1 embryos (36 hpf) spawned from each maternal tank were
collected (n=16-18; 4-6 samples per tank, 3 tanks per treatment). All samples were flash
frozen in liquid nitrogen and stored at -80°C until DNA extraction. For both sample
types, DNA was isolated according to the QIAGEN Tissue Extraction Protocol using the
QIAGEN Genomic-tip 20/G and QIAGEN Genomic DNA Buffer Set (Hilden, Germany).
Mitochondrial DNA (mtDNA) damage was quantified using the long amplicon
quantitative polymerase chain reaction (LA-QPCR) method, and relative mtDNA
content was quantified using the comparative cycle threshold (Ct) method using real
time PCR (RT-PCR), as previously described (Gonzalez-Hunt et al. 2016; Hunter et al.
2010; Jung et al. 2009a; Jung et al. 2009b; Meyer 2010). Lesion frequency was calculated
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based on the reduction in amplification efficiency of the experimental samples relative to
the control samples, which are used to define the undamaged baseline. For all samples,
two mitochondrial (10.3 and 0.198 kb) and one nuclear (0.233 kb) genome targets were
amplified. The amount of long mitochondrial PCR product was used to calculate the
lesion frequency, and the amount of short mitochondrial and nuclear PCR products
were used to normalize lesion frequency to the genome content as well as to calculate a
relative measure of mitochondrial DNA copy number per nuclear genome. Primer
sequences and PCR parameters are available in Table 6 (Appendix).

2.2.6 Biomarkers of Oxidative Stress
Antioxidant enzyme activities and glutathione levels were evaluated in F0
female ovary tissue and F1 larvae (4 days post fertilization (dpf)). During the F0 female
dissections (described previously), two 10-20 mg samples of ovary tissue were collected
from each female (size permitting), which were used to evaluate antioxidant enzyme
activities and glutathione concentrations (n=12-15 per endpoint: 1 ovary sample per fish,
3-5 fish per tank, 3 tanks per treatment). At 4 dpf, 6 samples of 15-pooled whole F1
larvae spawned from each maternal tank were collected to evaluate antioxidant enzyme
activities and glutathione concentrations (n=9 per endpoint; 3 samples of pooled larvae
per maternal tank, 3 tanks per treatment). All samples were flash frozen in liquid
nitrogen and stored at -80°C until analysis.
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2.2.5.1 Antioxidant Enzyme Activities
The activities of glutathione S-transferase (GST), glutathione reductase (GR), and
glutathione peroxidase (GPx) were measured in larval extracts, as described previously
(Massarsky et al. 2013; Massarsky et al. 2015; Massarsky et al. 2017). This method was
adopted for use with ovary tissue extracts in the present study. Total superoxide
dismutase (SOD) activity was quantified using a commercially available SOD
determination kit (#19160; Sigma-Aldrich, Inc.). A SpectraMax M5 Spectrophotometer
(Molecular Devices, Sunnyvale, CA) and SOFTmax Pro software were used to evaluate
enzyme activities, which were normalized to total protein concentrations measured
using a commercially available bicinchoninic acid (BCA) kit (#BCA-1; Sigma-Aldrich,
Inc.) and bovine serum albumin (BSA) standards.
2.2.5.2 Glutathione Concentrations
Total glutathione (TGSH) and glutathione disulfide (GSSG) concentrations were
measured as previously described for larval extracts and adopted for ovary tissue
extracts herein (Massarsky et al. 2013; Massarsky et al. 2015; Massarsky et al. 2017).
Reduced glutathione (GSH) concentrations were calculated using the equation (TGSH =
GSH + 2GSSG), and the ratio of GSSG:TGSH was determined for each sample.
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2.2.7 F1 Larval Motility
At 120 hpf, F1 larvae lacking any visible morphological deformities were selected
for behavioral analysis and transported to behavioral testing facilities. At 144 hpf, larvae
were individually transferred into a 96 well plate with glass well inserts each with 0.5
mL embryo media and allowed to acclimate for an hour in a 28 °C incubator (n=72; 24
larvae per maternal tank, with one maternal tank per treatment represented on each
plate, across 3 plates). A DanioVision™ lightbox running EthoVision XT® tracking
software (Noldus Information Technology, Wageningen, The Netherlands) was used to
evaluate larval locomotor activity over the course of an alternating light/dark test (10
min acclimation period in the dark (0% illumination) followed by 2 cycles of alternating
light (10 min, 100% illumination, 5000 lx) and dark (10 min, 0% illumination) periods), as
previously described (Bailey et al. 2013; Massarsky et al. 2015; Oliveri et al. 2015).
Throughout the 50 minute trial, larval locomotor activity was recorded with an infrared
camera, and the average distance moved (cm/minute) was calculated using EthoVision
XT® (Noldus Information Technology). This paradigm allows for comparison of larvae’s
response and acclimation to changing environmental stimuli.

2.2.8 Statistics
Most statistical analyses were conducted using Graph Pad Prism 6.0 (San Diego,
CA, USA). For mitochondrial function, mitochondrial DNA, and oxidative stress
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endpoints, two-way analysis of variance (ANOVA) with maternal BaP treatment and
tank factors was used with Fisher’s least significant difference (LSD) post hoc to test for
maternal BaP treatment effects. For larval motility, statistical analyses were conducted
using Supernova/Statview (SAS, Cary, NC, USA). Mixed-design repeated-measures
ANOVA (RMANOVA) with maternal BaP treatment and tank as the between-subject
factor and light condition and trial minute as the repeated measures was used with a
Dunnett’s two-tailed post hoc to test for maternal BaP treatment effects. For all
endpoints, significance was accepted if P < 0.05. Additional details on statistical methods
specific to each endpoint are provided in figure legends.

2.3 Results
2.3.1 Analytical Chemistry
For Day 0, measured BaP concentrations in the treated food were 11.38 ± 0.4744,
115.6 ± 4.079, and 1133 ± 90.96 µg BaP/ g diet, equivalent to 0.2276 ± 0.09495, 2.311 ±
0.8158, and 22.65 ± 1.819 µg BaP/ g fish (average of concentrations on day 0 and day 21).
BaP concentrations in the control food were below or near the method detection limit
(Appendix, Table 4).
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2.3.2 Mitochondrial Function
2.3.2.1 F0 Female Respiratory Partitioning
In F0 female ovary tissues, total basal respiration was significantly reduced in the
medium and high BaP treatments relative to control (12 and 16% reductions,
respectively) and trending in the low BaP treatment (11%). The decreased basal OCRs
were due to significantly decreased non-mitochondrial respiration relative to control
(20-27%) in all BaP treatment groups, while mitochondrial respiration was not different
between treatments (Figure 3A). Total maximal OCR was also significantly reduced in
the high BaP treatment relative to control (8%) due to the reduction in nonmitochondrial respiration, while maximal mitochondrial respiration rates and
mitochondrial reserve capacity were not significantly different between treatments
(Figure 5A). Heart, brain, and liver-specific bioenergetic profiles of F0 females
chronically exposed to BaP were not significantly different from controls (Appendix,
Figures 31-32).
2.3.2.2 F1 Embryo (24 hpf) Respiratory Partitioning
In 24 hpf F1 embryos, total basal respiration was significantly reduced in the
high (22%) and trending lower in the medium (11%) maternal BaP treatments relative to
control. In contrast to the F0 ovaries, the decreased basal OCRs in the F1 embryos were
due to significant or trending reductions in mitochondrial respiration (26 and 12% in the
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high and medium maternal BaP treatments, respectively, relative to controls), while
non-mitochondrial respiration was not different across treatments (Figure 3B).
Mitochondrial oxygen consumption rates can be further broken down into respiration
coupled to ATP production and due to proton leak. ATP turnover was significantly
reduced (23-39%) in embryos from all maternal BaP treatments relative to controls. In
contrast, mitochondrial respiration due to proton leak was significantly increased in
embryos from the low and medium maternal BaP treatments (34 and 45% increases,
respectively) and trending higher in the high maternal BaP treatment (16%) (Figure 4A).
Mitochondrial coupling efficiency, the percent of mitochondrial respiration linked to
ATP production, was 75% in control embryos but was reduced to 59% in embryos from
all maternal BaP treatments relative to control (Figure 4B). For both proton leak and
coupling efficiency, standard deviations were significantly different across treatment
groups, with higher variability observed in maternal BaP treatments than controls
(Bartlett’s test; P < 0.0001). Total maximal and maximal mitochondrial respiration were
not significantly different between treatment groups. Mitochondrial reserve capacity
was significantly increased in the high maternal BaP treatment (40%) and trending
higher in the low maternal BaP treatment (18%) due to decreased basal respiration but
unchanged maximal respiration (Figure 5B). Total basal extracellular acidification rates
(ECAR), proxies of glycolysis, were significantly reduced in F1 embryos from the high
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(21%) and trending lower in the medium (8%) maternal BaP exposure treatments
relative to controls (Figure 6A). Overall, F1 embryos from all maternal BaP treatments
appeared significantly hypometabolic compared to controls (Figure 6B). Similar trends
but with reduced magnitudes and lack of statistical significance of effects were observed
in 36 hpf F1 embryos (data not shown).

2.3.3 Mitochondrial DNA
In F0 female ovary tissues, mtDNA damage and copy number were not
significantly different between treatment groups (Figure 7). In F1 embryos (36 hpf),
significantly increased mtDNA damage (18 fold increase) and reduced mtDNA copy
number (19% reduction) were measured from the medium maternal BaP treatment
relative to control (Figure 8). For both mtDNA damage (Bartlett’s test; P < 0.0002) and
copy number (P < 0.003) in F1 embryos, standard deviations were significantly different
across treatment groups; however variability was higher in maternal BaP treatment
groups than controls for mtDNA damage, but variability was higher in controls for
mtDNA copy number.

2.3.4 Biomarkers of Oxidative Stress
2.3.4.1 Antioxidant Enzyme Activities
Activity of GR was significantly lower in F0 ovary tissues larvae (96 hpf) from
the low BaP treatment group (48%) and trending lower in the medium BaP treatment
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(43%) relative to controls (Figure 9B). Activities of GST, GPx, and SOD were not
significantly different in ovary tissues between treatment groups (Figure 9A,C-D). Of
note, standard deviations were significantly different across treatment groups for GR,
GPx, and SOD (Bartlett’s Test; P < 0.05). Thus, statistical analyses were performed on
both untransformed and log transformed values. Statistically significant differences
were detected for GR upon log transformation.
In contrast, activities of GST (18-23%) and GR (16-20%) were significantly lower
in F1 larvae (96 hpf) from all maternal BaP treatments relative to control (Figure 10A-B).
Further, GPx activity was significantly reduced in larvae from the medium and high
maternal BaP treatments (46 and 27% reductions, respectively) relative to control and
trending in the low maternal BaP treatment (25%) (Figure 10C). SOD activities were not
significantly different in larvae across treatment groups (Figure 10D); however standard
deviations were significantly different across treatment groups, with higher variability
observed in controls (Bartlett’s test; P < 0.05). Log transformation did not change lack
statistical findings.
2.3.4.2 Glutathione Concentrations
In F0 female ovaries, TGSH and GSH concentrations were not significantly
different between treatment groups (Figure 11A-B). GSSG concentrations were
significantly reduced in the low and high BaP treatments (22 and 29% reductions,
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respectively) and trending lower in the medium BaP treatment (18% reduction) relative
to controls (Figure 11C). For GSH:GSSG, standard deviations were significantly different
across treatment groups (Bartlett’s test; P < 0.0002). Upon log transformation, statistically
significant differences were detected for GSH:GSSG. Specifically, GSH:GSSG ratios were
higher in the low and high BaP treatments (47 and 36% reductions, respectively) and
trending higher in the medium BaP treatment (29% reduction) relative to controls
(Figure 11D).
TGSH concentrations were significantly lower in F1 larvae (96 hpf) from all
maternal BaP treatments relative to control (11-15% reductions) (Figure 12A). The
reduction in TGSH was a result of significant depletions of GSH in larvae from all
maternal BaP treatments (12-16% reductions) (Figure 12B), while GSSG concentrations
were significantly higher in the F1 larvae from the 12.5 and 125 µg/g maternal BaP
treatments (36 and 32% increases, respectively) and trending in larvae from the 1250
µg/g maternal BaP treatment (26% increase) (Figure 12C). Consequently, the GSH:GSSG
ratios were significantly decreased in all maternal BaP treatments relative to control (2736% reductions) (Figure 12D).

2.3.5 F1 Larval Motility
Maternal exposure to BaP significantly reduced F1 larval locomotor activity.
There was a significant main effect of maternal BaP treatment (RMANOVA; P < 0.0004)
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on total distance traveled over the course of the alternating light/dark test. Specifically,
larvae from the F1 125 and (P < 0.01) and 1250 (P < 0.01) µg/g BaP treatments swam
significantly less than controls over the course of the trial (Dunnett’s two-tailed post hoc
test). Further, larvae from the F1 1250 µg/g BaP treatment also swam significantly less
during the initial dark acclimation period (P < 0.01) (Figure 13). There was a significant
main effect of light condition (P < 0.0001) on locomotor activity, with F1 larvae from all
maternal BaP treatments swimming more in the dark than the light. There was not a
significant interaction of light condition and maternal BaP treatment. There were
significant interactions of maternal BaP treatment and tank during both the initial dark
acclimation period (P < 0.0001) and the alternating light-dark test (P < 0.03), reducing the
interpretability of these data.

2.4 Discussion
Understanding changes in fundamental physiological processes contributing to
the toxicity of PAHs across generations will improve our understanding of
environmental human disease etiologies and the persistent effects of PAHs in
ecosystems. Herein, we demonstrate that maternal exposure to BaP reduces
mitochondrial function, efficiency, and integrity and impairs the antioxidant defense
system of F1 embryos and larvae. Metabolic shifts during development relating to
environmental-induced mitochondrial dysfunction may contribute to disease
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pathologies and reduced organismal fitness arising later in life (Andreux et al. 2013;
Simmons 2012).
F1 embryos (24 hpf) maternally exposed to BaP exhibit reduced total basal
respiration. This result is consistent with findings of reduced basal respiration in Danio
rerio and Fundulus heteroclitus embryos developmentally exposed to BaP, as well as F2
zebrafish embryos following a F0 exposure (Jung 2009; Knecht et al. 2017). In the present
study, the reduction in total basal respiration can further be attributed to reduced
mitochondrial respiration, whereas non-mitochondrial respiration did not change.
Significantly, respiration coupled to ATP production is lower in maternally exposed
embryos, reflecting reduced mitochondrial coupling efficiency (ratio of respiration
coupled to ATP turnover to total mitochondrial respiration). Interestingly,
mitochondrial coupling efficiency was tightly regulated in controls, but was both lower
on average and more variable with maternal exposure. The heterogeneity in response
supports the mitochondrial bottleneck hypothesis (Krishnan et al. 2008; Mishra and
Chan 2014). Reductions in extracellular acidification rates were concomitant with
impaired mitochondrial respiration, suggesting that F1 organisms were not
compensating for impaired oxidative phosphorylation with glycolysis and exhibited
relatively metabolically quiescent phenotypes. Reduced metabolism, and specifically
reduced ATP turnover, is indicative of limited energy availability, which could result in
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tradeoffs between maintenance (e.g. repair of mtDNA damage) and fitness (e.g.
development and growth) functions, reducing organismal ecological fitness and
contributing to the developmental origins of later life disease pathologies (Andreux et al.
2013; Jayasundara 2017; Simmons 2012; Sokolova et al. 2012).
The observation of increased proton leak in F1 embryos maternally exposed to
BaP is consistent with increased proton leak following developmental exposure to BaP
in Fundulus heteroclitus (Du et al. 2015). Herein, proton leak was tightly regulated in
controls, but was both higher on average and more variable with maternal exposure.
Interestingly, both the magnitude of the increase in proton leak and the higher
variability were less apparent in the high maternal BaP treatment compared to the
medium and low treatments. Incomplete mitochondrial coupling by both basal and
inducible proton leak play an important role in reducing electron transport chain (ETC)
ROS generation (Jastroch et al. 2010; Lambert and Brand 2004). Therefore, it is possible
that increased mitochondrial proton leak in maternally exposed F1 embryos reflects an
attempt to combat increased mitochondrial ROS production to protect against further
mitochondrial dysfunction. Alternatively, it is possible that increased proton leak is a
manifestation of reactive metabolite or oxidative damage to ETC complexes or the
phospholipids of the inner mitochondrial membrane (Cheng et al. 2017).
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Even when respiring normally, mitochondria play an essential role in oxidative
stress because they are the primary generator of superoxide radicals, which cause
oxidative damage to mitochondrial and cellular components. Mitochondrial dysfunction
can exacerbate oxidative stress both by increasing the production of reactive oxygen
species and by limiting the availability of ATP. For example, glutathione synthesis and
recycling are highly energy-dependent processes. Moderate mitochondrial dysfunction,
reducing ATP levels, has been shown to lead to lower levels of total glutathione as well
as severe reductions in availability of reduced glutathione and the GSH:GSSG ratio
promoting oxidative stress (Schütt et al. 2012).
Herein, we detected lower concentrations of total glutathione, higher
concentrations of oxidized glutathione, and lower GSH:GSSG ratios in F1 larvae
maternally exposed to BaP treatments that also caused reduced ATP turnover. Taken
together, these parameters suggest oxidative stress. Reductions in GSH as well as
increases in GSSG likely reflect utilization to support reduction of reactive oxygen
species (ROS). Reductions in GSH may also reflect induction of phase II metabolism,
with the conjugation of GSH to xenobiotic compounds or metabolites to increase water
solubility and facilitate excretion of (Massarsky et al. 2017). In the study that the present
exposure paradigm was modeled after, BaP parent compound was not detected in F1
embryos; however, it is possible that BaP metabolites are present (Corrales et al. 2014b).
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The reduced activities of glutathione reductase, glutathione peroxidase, and
glutathione s-transferase further suggest suppressed antioxidant response capacity as
well as phase II metabolism in F1 embryos maternally exposed to BaP. Reduced GR
activity is consistent with the observed increase in GSSG levels. While differences were
not detected in superoxide dismutase activities, the values measured represent total
SOD activities, including the forms of copper and zinc SODs found in the cytosol and
extracellular space. A more targeted measurement of the manganese SOD, the
mitochondrial form of the enzyme, may have yielded different effects. Reduced
antioxidant enzyme activities may reflect damage of enzymes or other associated
cellular components by reactive oxygen species (Massarsky et al. 2017).
Significant increases in mtDNA damage and reductions in mtDNA copy number
were also observed in F1 embryos from the medium maternal BaP treatment relative to
controls. Increased mitochondrial DNA damage is consistent with increased mtDNA
damage in Fundulus heteroclitus larvae and tissues from adults directly exposed to BaP
via developmental aqueous and intraperitoneal exposures, respectively (Jung et al.
2009a). Further, while not mitochondrial specific, a review of air pollution exposure
during pregnancy and perinatal outcomes found that cord blood PAH-DNA adducts
were the most consistent positively associated biomarkers used in epidemiological
studies of (Desai et al. 2017). Benzo(a)pyrene dihydrodiol epoxide covalent DNA
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adducts are also found at higher rates in placenta tissues from women who smoke
tobacco than controls (Everson et al. 1986).
Our finding of reduced mtDNA copy number in F1 embryos from the medium
maternal Bap treatment relative to controls is consistent with epidemiological evidence
that prenatal exposure to air pollution is associated with reduced mtDNA content in the
placenta and/or cord blood (Janssen et al. 2012; Janssen et al. 2015; Rosa et al. 2017). In
fact, following cord blood PAH-DNA adducts, reductions in mtDNA content were the
next most consistent biomarker associated with air pollution exposure, though this
biomarker was more strongly correlated with particulate matter and nitrogen dioxide
than PAHs (Desai et al. 2017). Notably, 5-10% of the associations between prenatal
exposure to air pollution and reductions birth weight and infant growth are thought to
be statistically mediated by reduced placental mtDNA content (Clemente et al. 2016;
Clemente et al. 2017). Mitochondrial genome content is also lower in placenta tissues
from women who smoke tobacco than controls (Bouhours-Nouet et al. 2005; Janssen et
al. 2017).
At the organismal level, F1 larvae from the medium and high maternal BaP
treatments exhibited hypoactivity, which was particularly apparent in the relatively
high activity acclimation and alternating dark periods of the alternating light-dark test.
While reduced activity may be the result of neurobehavioral effects, it could also be a
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manifestation of reduced energy availability, accumulation of oxidative, and/or subtle
undetected developmental delays or deformities. While the observation of altered
activity levels is consistent with the literature, cross-generational exposure to PAHs is
more often associated with hyperactivity. Larval hyperactivity in F0 and F2 generations
(F1 not reported) and adult hyperactivity in F0 and F1 generations have been reported in
zebrafish developmentally or indirectly exposed to benzo(a)pyrene (Knecht et al. 2017).
Differences in the timing, duration, level, and route of the F0 exposures between these
studies may contribute to dissimilarities in behavioral outcomes. Further,
epidemiological studies suggest that prenatal exposure to PAHs may contribute to
ADHD in children (Perera et al. 2012; Perera et al. 2014; Peterson et al. 2015).
Notably, the observed effects on mitochondrial function and antioxidant defense
system of F1 offspring maternally exposed to BaP occurred largely in the absence of
observed effects in F0 ovary tissues. One potential explanation is that oocytes repress
mitochondrial oxidative phosphorylation in order to reduce production of ROS and
accumulation of mtDNA damage and mutations (Allen 1996). The bioenergetic
quiescence of female gametes may reduce our ability to observe effects of BaP exposure
on mitochondrial function. Another potential explanation is that mature oocytes have
relatively high mtDNA copy number (more than most types somatic cells excluding
neurons on muscle cells), because mitochondrial function are important for oocyte
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maturation, ovulation, fertilization, and embryonic development (Chappel 2013). High
mtDNA copy number may buffer against mitochondrial damage and dysfunction
caused by environmental insult (Meyer et al. 2013). Further, it is possible that large interoocyte variability in mtDNA content results in dilution of effects observed in whole
ovary tissue samples (Otten et al. 2016). However, we did measure reduced nonmitochondrial respiration in ovary tissues from BaP exposed F0 females, which
contributed to decreased total basal and total maximal respiration. Non-mitochondrial
respiration constitutes oxygen consumed by enzymes (e.g. cytochrome p450 monooxygenases, cyclo-oxygenases, NADPH oxidases) and is related to the generation of
reactive oxygen species (Chacko et al. 2014). In this vein, decreased non-mitochondrial
respiration is consistent with decreased GSSG and increased GSH:GSSG ratios observed
in ovary tissues from BaP exposed F0 females, which suggest lower oxidative stress.
Somewhat anachronously, GR activity, required for the conversion of reduction of GSSG
to GSH, may be reduced on ovary tissue from F0 females maternally exposed to BaP,
suggesting reduced ability to protect against oxidative stress. GR activity has been
shown to be lower in ovary tissue from aging female rats, and the altered antioxidant
status is thought to contribute to decreased fertility with age. One potential explanation
is that CYP1A is suppressed ovary tissues from chronically BaP exposed females,
reducing the metabolism of BaP to genotoxic and redox cycling metabolites. If this is
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true, it is important to note that aryl hydrocarbon receptor regulated gene products,
including CYP1A, are thought to be important in both normal ovarian development and
toxicant induced ovarian dysfunction, creating potential for effects in offspring (Thomas
1988; Weber et al. 2002).
There are several challenges for analyzing and limitations for interpreting the
results of this study. While we screened for stage matched and morphologically normal
F1 embryos and larvae for all endpoints, subtle undetected differences in development
and deformities may confound interpretation of complex endpoints such as respiration.
The study on which we based our exposure paradigm found significantly increased
incidence of mortality and deformities as well as early hatching in F1 offspring,
particularly in the high maternal BaP treatment (though both parents were exposed in
this study and only mothers were exposed in the present study) (Corrales et al. 2014b).
Thus, the loss of magnitude of effects for certain endpoints (e.g. mtDNA damage,
mtDNA copy number, proton leak) observed in the high maternal BaP treatment in the
present study may be attributable to fertilization and survivor bias.
Whether the reduced mitochondrial function and integrity observed in the
present study could be causative or a result of such delays, deformities, and death is
unclear. Reduced mtDNA content and mitochondrial function adversely affect oocyte
fertilization rates and developmental competence (Santos et al. 2006; Van Blerkom 2011).
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Exposures to different electron transport chain-targeted drugs affecting mitochondrial
function during embryonic development result in varying phenotypes including
developmental arrest, death, as well as morphological and functional (e.g. cardiac
insufficiency) abnormalities in zebrafish (Pinho et al. 2013).
Further, even when functioning normally, total basal and mitochondrial
respiration (as well as total basal extracellular acidification rate) naturally increase
throughout zebrafish embryonic development and fluctuations in respiratory coupling
to ATP turnover and proton leak can be correlated with developmental stage (Stackley
et al. 2011). Further, mitochondrial DNA copy number per nuclear genome rapidly
decreases in early embryonic development (1-24 hpf) of zebrafish as maternally
inherited copies are partitioned to daughter cells without replication (Artuso et al. 2012).
Mitochondrial DNA bottlenecks occurring during oogenesis and early embryonic
development offer opportunities for either purifying selection to remove damaged or
mutated mitochondria prior to replication or unfortunate repopulation of daughter cells
at higher rates by compromised mitochondria (Krishnan et al. 2008; Meyer et al. 2013;
Mishra and Chan 2014), resulting in high variability in inter-oocyte (F0) and interindividual (F1) genotypic and phenotypic variability (Otten et al. 2016). Finally,
throughout zebrafish development, TGSH levels double, and expression of genes
encoding enzymes involved in glutathione synthesis, use (encoding GST and GPx), and
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recycling (encoding GSR) are both tightly regulated and variable (Timme-Laragy et al.
2013).
In conclusion, F1 offspring maternally BaP exposed exhibited reduced
mitochondrial function and integrity as well as biomarkers of oxidative stress,
highlighting the importance of considering the role of mitochondria in disease
pathologies resulting from maternal exposures to PAHs (e.g. air pollution and tobacco
smoke). Notably, mitochondrial dysfunction manifested in the F1 generation largely in
the absence of observed effects in F0 ovary tissues. The observed developmental
vulnerability as well as high inter-individual variability in maternally BaP exposed F1
offspring are consistent with mitochondrial bottleneck hypothesis. The apparent decline
in toxicity of the high maternal BaP exposure may be affected by fertilization and
survivor bias, which have mitochondrial influences. The complexities of observed
responses underscore the difficulty of studying environmental mitochondrial
dysfunction across generations. Further, studies should aim to determine whether
mitochondrial dysfunction and oxidative stress are causal or secondary to other
mechanisms (e.g. mitochondrial-epigenetic cross-talk) in the cross-generational toxicity
of PAHs. Notably, this work represents the first mechanistic demonstration that PAHinduced mitochondrial dysfunction can have persistent effects across generations, with
important applications in human disease etiology and organismal ecological fitness.
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Figure 2: Example mitochondrial respiration profile obtained by a
mitochondrial stress test (XFe24 Extracellular Flux Analyzer, Agilent Technologies).
Partitioning of oxygen consumption rate (OCR) between fundamental parameters of
mitochondrial function is characterized using pharmacological inhibitors of
mitochondrial respirators. OCR due to various parameters are measured or derived as
follows: basal (uninhibited), maximal (FCCP induced), non-mitochondrial (sodium
azide or mixture of antimycin A and rotenone inhibited), mitochondrial (basal – nonmitochondrial), ATP turnover (basal – oligomycin inhibited OCR), proton leak
(oligomycin inhibited OCR – non-mitochondrial), maximal mitochondrial (maximal –
non-mitochondrial), reserve capacity (maximal – basal). Adapted with modification
from Agilent Technologies.
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Table 1: Concentrations of pharmacological compounds that yield the highest percent
change in oxygen consumption rates relative to baseline. ★ indicates previously
optimized by Jayasundara et al. (2015), and ✪ indicates previously optimized by
Stackley et al. (2011).
Working Concentration in Danio rerio
Brain ★

Liver ★

---

---

2.5 µM

50 µM
44 µM +
44 µM

Heart ★
2 µM in
1% DMSO
10 µM in
1% DMSO
44 µM +
44 µM

Embryos ✪
(24 & 36 hpf)

--44 µM +
44 µM

--44 µM +
44 µM

9.4 µM

---

---

---

---

6.25 mM

Compound

Ovary

Testes

FCCP

1.5 µM

1 µM

Oligomycin
Antimycin A
+ Rotenone
Sodium
Azide

25 µM
44 µM +
44 µM
---
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Figure 3: Metabolic partitioning of basal respiration. (A) Ovary tissue (n=14-15)
from F0 females exposed to BaP. (B) 24 hpf F1 embryos (n=15-18) maternally exposed
to BaP (data from oligomycin plates). Different letters denote statistical differences
across treatments within a given parameter (Two-way ANOVA with maternal
treatment and tank factors followed by Fisher’s LSD; P < 0.05).
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Figure 4: Mitochondrial function and efficiency in 24 hpf F1 embryos (n=15-18)
maternally exposed to BaP (data from oligomycin plates). (A) Mitochondrial
respiratory partitioning. (B) Mitochondrial coupling efficiency. Different letters
denote statistical differences across treatments within a given parameter (Two-way
ANOVA with maternal treatment and tank factors followed by Fisher’s LSD; P < 0.05).
For both proton leak and coupling efficiency, standard deviations were significantly
different across treatment groups (Bartlett’s Test; P < 0.0001, respectively).
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Figure 5: Metabolic partitioning of maximal respiration. (A) Ovary tissue
(n=14-15) from F0 females exposed to BaP. (B) 24 hpf F1 embryos (n=15-18) maternally
exposed to BaP (data from FCCP plates). Different letters denote statistical differences
across treatments within a given parameter (Two-way ANOVA with treatment and
tank factors followed by Fisher’s LSD; P < 0.05).
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Figure 6: (A) Relative metabolic state of 24 hpf F1 embryos maternally exposed
to BaP. The X-axis represents total basal extracellular acidification rate (ECAR), a
proxy of glycolysis. The Y-axis represents ATP-linked mitochondrial respiration, a
proxy of oxidative phosphorylation. The OCR:ECAR ratio was used for statistical
analyses. (B) Total basal ECAR. Data are presented as means ± SEM. Different letters
denote statistical differences across treatments (Two-way ANOVA with maternal
treatment and tank factors followed by Fisher’s LSD; P < 0.05) (data from oligomycin
plates).
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Figure 7: Mitochondrial DNA damage and copy number in ovary tissue from
F0 females (n=4-5) exposed to BaP. (A) mtDNA damage expressed as lesions per 10 kb.
(B) mtDNA copy number per nuclear genome. Data are presented as means ± SEM.
No significant effects of BaP treatment were detected. (One-way ANOVA with
maternal treatment and tank factors followed by Fisher’s LSD; P < 0.05).
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Figure 8: Mitochondrial DNA damage and copy number in 36 hpf F1 embryos
(n=16-18) maternally exposed to BaP. (A) mtDNA damage expressed as lesions per 10
kb. (B) mtDNA copy number per nuclear genome. Data are presented as means ±
SEM. Different letters denote statistical differences across treatments (Two-way
ANOVA with maternal treatment and tank factors followed by Fisher’s LSD; P < 0.05).
For both mtDNA damage and copy number, standard deviations were significantly
different across treatment groups (Bartlett’s Test; P < 0.0002 and 0.003, respectively),
and individual values are presented to showcase variability.
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Figure 9: Activities of selected antioxidant enzymes in ovary tissue from F0
females (n=10-14) exposed to BaP. (A) Glutathione S-transferase (GST). (B)
Glutathione reductase (GR). (C) Glutathione peroxidase (GPx). Total superoxide
dismutase (SOD). Data are presented as a boxplot (25%-75%) with whiskers from
minimum to maximum. Different letters denote statistical differences across
treatments. (Two-way ANOVA with treatment and tank factors followed by Fisher’s
LSD; P < 0.05). Statistical analyses were conducted on both untransformed and log
transformed values for GR, GPx, and SOD, because standard deviations were
significantly different across treatment groups (Bartlett’s Test; P < 0.05), but
significant differences were only detected for GR with log transformation.
Untransformed values are plotted to showcase unequal variances.
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Figure 10: Activities of selected antioxidant enzymes in pooled samples of 96
hpf F1 larvae (n=9) maternally exposed to BaP. (A) Glutathione S-transferase (GST).
(B) Glutathione reductase (GR). (C) Glutathione peroxidase (GPx). Total superoxide
dismutase (SOD). Data are presented as a boxplot (25%-75%) with whiskers from
minimum to maximum. Different letters denote statistical differences across
treatments. (Two-way ANOVA with maternal treatment and tank factors followed by
Fisher’s LSD; P < 0.05). Statistical analyses were conducted on both untransformed
and log transformed values for SOD because standard deviations were significantly
different across treatment groups (Bartlett’s Test; P < 0.05), but no significant
differences in SOD activities were detected. Untransformed values are plotted to
showcase unequal variances.
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Figure 11: Glutathione concentrations in ovary tissue from F0 females (n=1215) exposed to BaP. (A) Total glutathione (TGSH). (B) Reduced glutathione (GSH =
TGSH - 2GSSG). (C) Oxidized glutathione (GSSG). (D) GSH:GSSG ratio. Data are
presented as a boxplot (25%-75%) with whiskers from minimum to maximum.
Different letters denote statistical differences across treatments. (Two-way ANOVA
with treatment and tank factors followed by Fisher’s LSD; P < 0.05). Statistical
analyses were conducted on log transformed values for GSH:GSSG because standard
deviations were significantly different across treatment groups (Bartlett’s Test; P <
0.05), but untransformed values are plotted to showcase unequal variances.
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Figure 12: Glutathione concentrations in pooled samples of 96 hpf F1 larvae
(n=9) maternally exposed to BaP. (A) Total glutathione (TGSH). (B) Reduced
glutathione (GSH = TGSH - 2GSSG). (C) Oxidized glutathione (GSSG). (D)
GSH:GSSG ratio. Data are presented as a boxplot (25%-75%) with whiskers from
minimum to maximum. Different letters denote statistical differences across
treatments. (Two-way ANOVA with maternal treatment and tank factors followed by
Fisher’s LSD; P < 0.05). Statistical analyses were conducted on log transformed values
for GSH:GSSG because standard deviations were significantly different across
treatment groups (Bartlett’s Test; P < 0.05), but untransformed values are plotted to
showcase unequal variances.
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SEM. * indicates significant difference compared to control (RMANOVA followed by
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3. Persistent Neurobehavioral, Metabolic, and
Reproductive Consequences of Maternal and Crossgenerational Exposure to Benzo(a)pyrene
This chapter will be submitted as: Kozal, J.S., Jayasundara, N., Levin, E.D., and
Di Giulio, R.T. Persistent neurobehavioral, metabolic, and reproductive consequences of
maternal and cross-generational exposure to benzo(a)pyrene in Danio rerio. Ellen M.
Cooper performed the analytical chemistry.

3.1 Introduction
Environmental mitochondrial toxicants contribute to the rise of metabolic
diseases, which have become global health epidemics (Lee et al. 2010; Lim et al. 2010;
Wallace 2005). While genetic and pharmacological etiologies of mitochondrial diseases
have been relatively characterized, the potential for environmental toxicants to
contribute to mitochondrial dysfunction remain very understudied (Meyer et al. 2013),
and the potential for these effects to persist across multiple generations is virtually
absent from the literature (Ditzel et al. 2016; Godschalk et al. 2018; Stapleton et al. 2015).

3.1.1 Mitochondria Contribute to the Pathogenesis of Many Diseases
Mitochondrial function is essential for the growth, survival, and reproduction of
all aerobic organisms. The importance of maintaining mitochondrial function for health
is supported by the prevalence of mitochondrial diseases, which clinically manifest in 1
in 4,300 people (Gorman et al. 2015). Mitochondrial diseases can present with multi60

organ system dysfunction or highly tissue-specific dysfunction in tissue types with high
energy demands— with effects spanning the neurological/psychiatric, cardiac, renal,
musculoskeletal, gastrointestinal, ocular, reproductive, endocrine systems (Pfeffer and
Chinnery 2013; Vafai and Mootha 2012). Of relevance to the present study,
mitochondrial dysfunction is thought to contribute to the pathogenesis of cardiovascular
and cardiometabolic diseases (Kim et al. 2008), both neurodegenerative diseases (e.g.
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington’s
disease) (Bhat et al. 2015; Lin and Beal 2006)) and neurodevelopmental disorders (e.g.
autism spectrum disorders, bipolar disorder, schizophrenia, depression) (Ben-Shachar
2002; Clay et al. 2011; Karabatsiakis et al. 2014; Prabakaran et al. 2004; Rossignol and
Frye 2012, 2014; Tobe 2013), and reproductive disorders including male and female
infertility and developmental viability of offspring (Chappel 2013; Cummins et al. 1994;
Frank and Hurst 1996; Jansen and Burton 2004; Marchetti et al. 2002; St John et al. 1997;
Van Blerkom 2011; Venkatesh et al. 2009).

3.1.2 Polycyclic Aromatic Hydrocarbon Exposure is Associated with
Similar Disease States
The mitochondrial toxicity of polycyclic aromatic hydrocarbons, including
benzo(a)pyrene, is well established (Du et al. 2015; Jung et al. 2009a; Matikainen et al.
2001; Meyer et al. 2013). Interestingly, clinical manifestations of chronic or prenatal
exposure to PAHs via air pollution or tobacco resemble those of mitochondrial diseases.
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Both chronic and prenatal exposure to PAHs have been associated with cardiometabolic
diseases (e.g. cardiovascular disease, metabolic syndrome, obesity, type II diabetes)
(Alshaarawy et al. 2014; Boney et al. 2005; Choi et al. 2008; Rundle et al. 2012;
Scinicariello and Buser 2014; Wei et al. 2016; Yang et al. 2014), both neurodegenerative
disorders (e.g. AD, PD, stroke) and neurodevelopmental disorders (e.g.
neurodevelopmental delay, decreased IQ, learning disabilities, anxiety, depression,
attention problems, social deficits, decreased motor function, ASD, schizophrenia) (Genc
et al. 2012; Jedrychowski et al. 2015; Perera et al. 2014; Perera et al. 2015; Perera et al.
2013; Perera et al. 2014; Talbott et al. 2015), and reproductive disorders such as with
decreased fertility and adverse birth outcomes (e.g. intrauterine growth retardation,
premature birth, low birth weight, decreased head circumference), and reduced fetal
health (Deng et al. 2016; Hammoud et al. 2010; Mamsen et al. 2010; Nieuwenhuijsen et
al. 2014; Richardson et al. 2014; Sobinoff et al. 2014; Somers and Cooper 2009; Somers
2011; Veras et al. 2010; Weinberg et al. 1989).

3.1.3 Multigenerational Consequences of PAH-induced Mitochondrial
Dysfunction
Taken together, these studies suggest that PAH-induced mitochondrial toxicity
may contribute to the development and pathogenesis of cardiac, neurological, metabolic,
and reproductive disorders, which have become global health epidemics. Increased
understanding of the physiological and behavioral phenotypes associated with PAH62

induced mitochondrial dysfunction could inform our understanding of disease
etiologies, which may in turn facilitate prevention and treatment of these major health
problems.
Previously, we have reported that chronic maternal BaP exposure in Danio rerio
impairs mitochondrial function, damages mitochondrial DNA, and reduces the
antioxidant defense system of F1 embryos and larvae (Chapter 2). Metabolic shifts
during development may contribute to disease pathologies and reduced organismal
fitness arising later in life as well as create potential for heritable effects in the next
generation (Andreux et al. 2013; Mishra and Chan 2014; Simmons 2012). Further, Knecht
et al. (2017) reported F2 inheritance of neurobehavioral and organismal aerobic
metabolic deficits following an F0 exposure to BaP. However, these effects have not been
directly linked to mitochondrial toxicity.
Herein, a comparative physiology approach was taken to evaluate the persistent
later life behavioral, and reproductive consequences of maternal exposure to BaP in the
F1 generation. Specifically, the goals of the present study were to (i) investigate whether
the mitochondrial dysfunction measured during development persist later in life in F1
organisms, (ii) identify susceptible tissue-types, (iii) characterize apical metabolic,
neurobehavioral, and reproductive consequences, and (iv) characterize crossgenerational effects in the F2 generation.
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3.2 Materials and Methods
3.2.1 Zebrafish Care
Laboratory reared wild-type zebrafish (D. rerio; Tropical 5D) D. rerio were
maintained in a recirculating AHAB system (Aquatic Habitats, Inc., Apopka, FL, USA)
at 28-29 °C, pH 7.0-7.5, 60 ppm artificial seawater (ASW; Instant Ocean, Foster & Smith,
Rhinelander, WI, USA), and a 14:10 h light/dark cycle. Adult fish were fed live hatched
bring shrimp in the morning and Zeigler’s Adult Zebrafish Complete Diet (Zeigler Bros.,
Inc., Gardners, PA, USA) in the afternoon.

3.2.2 Female (F0) Dietary Benzo(a)pyrene Exposure
F0 female dietary BaP exposures were performed as described previously
(Section 2.2.2; adapted with modification from a previous study finding
multigenerational effects of BaP exposure in zebrafish (Corrales et al. 2014b)) in an
independent experimental replicate. In brief, sixty healthy reproductively mature F0
females were selected as the F0 generation and were randomly assigned to control
(acetone-treated) or BaP-treated dietary exposure groups (nominally equivalent to 12.5,
125, or 1250 µg BaP/ g diet) (for measured concentrations, see Section 3.3.1). F0 females
were fed 1% body weight twice/day of the corresponding BaP-treated food (nominally
equivalent to 0, 250, 2500, 25000 ng/g fish) for 21 days.
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3.2.3 Analytical Chemistry
For days 0 and 21, concentrations of BaP in the food were quantitated by gas
chromatography-mass spectrometry (GC-MS) in electron ionization mode using selected
ion monitoring (Agilent 7890A GC, 5975C MS; Agilent, Wilmington, DE, USA), as
previously described (Section 2.2.3). Measured values on days 0 and 21 were averaged to
estimate the BaP concentrations throughout the exposure.

3.2.4 Production of the F1 and F2 Generations
Following the chronic dietary BaP exposure, the F0 females from each tank (3
replicate tanks of 5 F0 females per treatment group) were spawned with naïve males at a
5:3 ratio. F1 embryos were collected and maintained in embryo medium (30% Danieau)
in glass petri dishes in an incubator at 28 °C until hatching. F1 larvae were reared in
static tanks at 28 °C until 14 dpf, at which point they were transferred onto a
recirculating AHAB system (Aquatic Habitats, Inc.). Water quality and photoperiod
were maintained as above. F1 Larvae were fed progressively increasing particle sizes of
Zeigler’s larval diets throughout development (Zeigler Bros., Inc.), and adult F1 fish
were fed as above. F1 fish were raised to adulthood to investigate later life consequences
of maternal BaP exposure. F1 zebrafish from the high (1250 µg BaP/g food or 25000 ng
Bap/g F0 female) maternal treatment experienced high mortality during rearing and
were not included in subsequent endpoints due to potential for survivor bias.
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At ~6 months post fertilization (mpf), approximately 30 reproductively mature
F1 female zebrafish (0, 12.5, 125, or 1250 µg BaP/g F0 diet or 0, 250, 2500 ng/g fish) were
selected for production of the F2 generation. F1 females from each maternal exposure
groups were spawned with an independent set of unexposed males in breeder tanks at a
5:3 ratio. The F2 eggs were collected, maintained in embryo medium (30% Danieau), and
placed in an incubator at 28 °C for use in subsequent analyses. A subset of the F2 larvae
was raised up to adulthood to characterize later-life effects of cross-generational
exposure to BaP and temperature stress (Chapter 4).

3.2.5 Adult Behavioral Testing Battery
At 3 mpf, ~45 F1 zebrafish from each maternal treatment group were randomly
selected for behavioral testing. The zebrafish were transported to behavioral testing
facilities in 3 L tanks and placed on a recirculating AHAB system (Aquatic Habitats, Inc.,
Apopka, FL, USA) on a 14:10 h light/dark cycle. Water quality was maintained at 26 °C,
0.5 ppt artificial seawater (ASW; Instant Ocean, Foster & Smith, Rhinelander, WI, USA),
and buffer (Seachem Neutral Regulator, 2.5 g/19 L H2O). Adult fish were fed twice daily
ad libitum with live-hatched brine shrimp and solid food (TetraMin Tropical Flakes,
Blacksburg, VA, USA). Fish were allowed to acclimate for at least one month before
behavioral testing. Over approximately one month, the F1 fish were tested on a battery
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of behavioral tests evaluating various behavioral and cognitive functions (Bailey et al.
2013).
3.2.5.1 Novel Environment Exploration
Novel environment exploratory behavior was evaluated in F1 adult fish, as
previously described (Bencan and Levin 2008; Levin et al. 2007). Fish were individually
placed into 1.5 L tanks filled 10 cm high with system water. Across a 5 minute trial, the
position of the fish in the tank was tracked using camcorder feeding into EthoVision
XT® software (Noldus Information Technology, Wageningen, The Netherlands).
Average distance from the floor of the tank (cm) and total distance traveled (cm/min)
were calculated for each minute of the test.
3.2.5.1 Startle Habituation
Startle response and habituation were evaluated in F1 adult fish, as previously
described (Bailey et al. 2013; Oliveri et al. 2015). The startle delivery system consisted of
8 cups coupled to 8 push solenoids that were controlled by EthoVision XT® software to
deliver a sudden tap stimulus to the center of the bottom of each cup. Fish were
individually placed into the plastic cups filled with 40 mL of system water and allowed
to acclimate for 5 minutes. The fish were then subjected to 10 taps (one tap per minute,
for 10 minutes). A camcorder was used to simultaneously record the position of all 8 fish
in their respective cups, and EthoVision XT® software was used to calculate the average
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distanced moved (cm/s) during the 5 seconds preceding and following each tap
stimulus.
3.2.5.3 Social Affiliation
Social affiliation was evaluated using a test of shoaling behavior, as previously
described (Oliveri et al. 2015). Prior to testing, the fish were socially for at least 30
minutes in 1.5 L tanks with opaque dividers. Following the acclimation period, fish were
individually placed in a transparent rectangular tank (45 cm long by 13 cm wide by 12.5
cm deep), with computer monitors controlled by EthoVision XT® software positioned at
each lengthwise end of the tank. The fish were subjected to a 6 minute stimulus regime
consisting of 1 minute of acclimation with a background image (static ovals mimicking
the size, color, and pattern of a zebrafish) displayed on both screens, followed by 5
minutes of one screen displaying a video recording of a zebrafish shoal while the other
screen continues to display the background image. The screen displaying the shoal was
alternated and counterbalanced among exposure groups. Across the 6 minute trial, the
position of the fish in the tank was tracked using a camcorder (positioned above the
tank) feeding into EthoVision XT® software. Average distance from the wall of the tank
through which the shoal video was visible (cm) and total distance traveled (cm/min)
were calculated for each minute of the test. The shoal response was defined as the
distance from the tank wall as a function of time.
68

3.2.5.4 Predator Escape
Escape and avoidance behavior following exposure to a predator-like stimulus
was evaluated, as previously described (Oliveri et al. 2015). Fish were placed
individually in 1.5 L tanks facing a computer monitor controlled by EthoVision XT®
software. The fish were subjected to a 5-minute stimulus regime consisting of 1 minute
of acclimation followed by two cycles of 1 minute of a stimulus followed by 1 minute of
a blank white screen. The fish will be tested with two different stimuli, separated by a
rest day. Each stimulus consisted of repeating cycles of a small circle (1.3 cm diameter)
appearing, growing to 30.5 cm in diameter, and disappearing—simulating the
experience of a larger fish swimming toward the experimental fish in the tank. For the
first stimulus, the circle will be blue in color and grow slowly (4 s/cycle). For the second
stimulus, the circle will be red and grow quickly (1 s/cycle). The slow blue stimulus is
thought to be less aversive than the fast red stimulus. Across the 5 minute trial, the
position of the fish in the tank will be tracked using a camcorder (positioned above the
tank) feeding into EthoVision XT® software. Average distance from the wall of the tank
through which the screen was visible (cm) and total distance traveled (cm/min) will be
calculated for each minute of the test. The flee response was defined as the difference
between the distance from the tank wall during the stimulus minute and during the
preceding blank minute.
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3.2.6 Respirometry
Whole organismal aerobic metabolic rates were quantified in F1 zebrafish via
intermittent flow respirometry using two mini 170 mL swim tunnel respirometers
(Loligo® Systems, Tjele, Denmark) equipped with fiber optic oxygen transmitters
(PreSens – Precision Sensing GmbH, Regensburg, Germany). Respirometers were
bleached daily to minimize bacterial growth and ensure negligible background oxygen
consumption rate (OCR) readings.
3.2.6.1 Routine Metabolic Rate (RMO2)
F1 fish were fasted for 24 hours prior to respirometry measurements to reduce
the contribution of specific dynamic action. Fish were placed in the swim tunnel
respirometer and allowed to acclimate for 1 hour at minimal flow, ensuring stabilizing
of routine metabolic rate (RMO2) prior to the first measurement (Jayasundara et al.
2015a). Following the acclimation period, the swim tunnel was sealed and the change in
oxygen concentration (mg/L) over 5 min was be recorded. This procedure was repeated
at 15-minute intervals for a total of four measurements. OCR was calculated for each 5
min measurement window, and the lowest measured OCR will be determined to be
RMO2.
3.2.6.2 Maximal Metabolic Rate (MMO2) and Aerobic Scope (AS)
Following measurement of RMO2, maximal metabolic rate (MMO2) was
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determined by the exhausted metabolic rate method (Jayasundara et al. 2015a;
Jayasundara et al. 2017). In brief, fish were removed from the respirometer and chased to
exhaustion by hand (15 minutes or until fish stopped responding to a stimulus). Fish
were then returned to the swim tunnel, and the change in oxygen concentration (mg/L)
was recorded every minute for 5 minutes. The highest measured OCR was determined
to be MMO2. Aerobic scope was calculated as the difference between MMO2 and RMO2.

3.2.7 Bioenergetic Profiling of F1 Tissues and F2 Embryos
Mitochondrial function was characterized ex vivo in heart, brain, liver, and gonad
tissues from adult F1 fish and in vivo in F2 embryos (24 hpf) from the 0, 250, and 2500 ng
BaP/g F0 female treatment groups using an Agilent Seahorse XFe24 Extracellular Flux
Analyzer (Agilent Technologies, Santa Clara, CA, USA), as previously described
(Jayasundara et al. 2015a; Stackley et al. 2011). In brief, oxygen consumption rate (OCR)
measurements were taken before (basal OCR) and after induction (carbonyl cyanide 4(trifluoromethoxy) phenylhydrazone (FCCP)) or inhibition (oligomycin and sodium
azide or a mix of antimycin A and rotenone) (Sigma-Aldrich, St. Louis, MO, USA).
Working concentrations for pharmacological inhibitors can be found in Table 1. OCRs
due to various mitochondrial parameters were calculated using the measured OCR
parameters (Figure 2). Assays were run at 28 °C in XF24 islet capture microplates
(Agilent Technologies) with at least two blank wells per plate for background
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normalization.

3.2.8 Comparison of Mitochondrial Effects of F0 BaP Exposure
Across the F1 and F2 Generations in Embryos
To compare the relative magnitude of the effect of F0 BaP treatment (0, 250, and
2,500 ng BaP/g F0 female) on mitochondrial respiration in zebrafish embryos (24 hpf)
from the F1 and F2 generations, OCR values for each parameter were converted to
percent control within each generation. To assess statistical differences, two-way
ANOVA with F0 BaP treatment and generation factors was used with Fisher’s LSD post
hoc. The data used for F1 and F2 embryos are from Chapters 2 and 4, respectively.

3.2.9 F1 Fecundity and F2 Developmental Viability
To assess developmental viability of the F2 generation, embryos were screened
for fertilization at 6 hpf and plated in individual wells 48 well plates and placed in an
incubator at 28 °C (16 embryos per treatment group per plate, repeated with separate
breeding events (3 times for deformities and growth, and an additional 2 times for
survival and hatch rate). F1 fecundity was recorded as F2 eggs produced per F1 female
(average of 10 females per treatment, repeated with different females for 3 independent
breeding events). Embryos/larvae were screened for survivorship and hatching success
at 48, 72, and 96 hpf. At 96 hpf, larvae were anesthetized in tricaine (0.02%) and
transferred to a concave microscope slide containing methyl cellulose (3%). Larvae were
imaged using a Nikon SMZ 1500 dissecting microscope (Nikon Instruments, INC.,
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Melville, NY, USA) equipped with DS-Fi1 digital camera and NIS elements (version
4.30) software. To calculate incidence of deformities, captured images were used to score
for presence/absence of pericardial edema, yolk sac edema, and bent notochord. To
quantify body length, captured images were analyzed with ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

3.2.10 Statistical Analyses
Most statistical analyses were conducted using Graph Pad Prism 6.0 (San Diego,
CA, USA). Two-way ANOVA with F0 BaP treatment and replicate factors (F1 tissue and
F2 embryo mitochondrial function as well as F2 body length), one-way ANOVA (F1
respirometry and fecundity), RMANOVA with maternal BaP treatment as the between
subject factor and time as the repeated measure (F2 survival and hatch rates) were used
with Fisher’s LSD post hoc to test for maternal BaP treatment effects. For F1 behavior,
statistical analyses were conducted using Supernova/Statview (SAS, Cary, NC, USA).
Mixed-design repeated-measures ANOVA (RMANOVA) with maternal BaP treatment
and tank as the between-subject factor and session minute, tap number, or time
condition as the repeated measures was used with a Dunnett’s two-tailed post hoc to
test for maternal BaP treatment effects. For all endpoints, significance was accepted if P <
0.05. Additional details on statistical methods specific to each endpoint are provided in
figure legends.
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3.3 Results
3.3.1 Analytical Chemistry
BaP concentrations in the food were 0.1154 ± 0.004374, 11.23 ± 2.708, 97.54 ± 13.96,
and 841.8 ± 194.6 µg BaP/ g diet, equivalent to 0.002308 ± 0.00008747, 0.2247 ± 0.05416,
1.951 ± 0.2792, and 16.84 ± 3.893 µg BaP/ g fish (average of concentrations on day 0 and
day 21).

3.3.2 F1 Adult Behavior
3.3.2.1 Novel Environment Exploration
F1 fish from both the 12.5 (P < 0.01) and 125 (P < 0.05) µg BaP/g F0 fish treatments
swam higher in the tank than controls over the course of the test (significant main effect
of maternal BaP treatment P < 0.005) on distance from floor. As expected, fish from all
groups swam increasingly further from the floor as the trial unfolded (significant main
effect of trial minute on distance from the floor; P < 0.0001). Notably, while distance from
the floor increased gradually in control fish, fish from both maternal BaP treatments
began to swim higher in the water column relatively quickly (trending interaction of
trial minute and maternal BaP treatment; P < 0.06) (Figure 14A). There was also a
significant main effect of maternal BaP treatment (RMANOVA; P < 0.0001) on total
distance traveled. Specifically, fish from both the 12.5 and 125 µg BaP/g F0 fish (P < 0.01)
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treatments swam more than controls over the course of the 5 minute trial (Dunnett’s
two-tailed post hoc test) (Figure 14B).
3.3.2.2 Startle Habituation
Fish from the 125 µg BaP/g F0 fish treatment were significantly hypoactive
relative to controls (P < 0.05) over the course of the test (significant main effect of
maternal BaP treatment on locomotor activity; P < 0.03). As expected, there were
significant main effects of test phase (pre/post tap) (P < 0.0001) and tap number
(P < 0.0001) on mean locomotion. There was also a significant interaction of test phase
and tap number (P < 0.0001), calling for follow up tests to determine how locomotion
was differentially effected pre/post tap with repeated taps. In the pre-tap test phase,
there was a significant main effect of maternal BaP treatment (RMANOVA; P < 0.03) on
mean locomotion, driven by significant hypoactivity in fish from the 125 µg BaP/g F0
fish treatment (Dunnett’s; P < 0.05) over the course of the 5 minute trial (Figure 15A). In
the pre-tap test phase, there was a trending interaction of maternal BaP treatment and
tap number (P < 0.06), with significant hypoactivity emerging post-tap in fish from the
125 µg BaP/g F0 fish treatment (Dunnett’s; P < 0.05) following taps 9 and 10 once startle
response lessens later in the trial (Figure 15B).
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3.3.2.3 Social Affiliation
There was a trending but not significant main effect of maternal BaP treatment
(RMANOVA; P < 0.1) on distance to shoal. This trend was driven by fish from both the
12.5 and 125 µg BaP/g F0 fish treatments swimming closer to the shoal over the course of
the 5 minute video than controls (Dunnett’s two-tailed post hoc test). There was a
significant main effect of trial minute on distance to shoal (P < 0.0001), with fish being
closest to the wall during the first minute of the shoal video and further with each
subsequent minute, which is normal control behavior. There was no significant
interaction of maternal BaP treatment with trial minute (P < 0.6) (Figure 16A). Total
distance traveled over the course of the trial was not significantly different between
treatments (RMANOVA; P < 0.6) (Figure 16B).
3.3.2.4 Predator Avoidance
There was no significant main effect of maternal BaP treatment (RMANOVA;
P < 0.5) on overall flee response of F1 fish (Figure 17). As expected, there was a
significant main effect of stimulus type on overall flee response (P < 0.0001), with fish
from all treatments fleeing more from the red-fast stimulus than the blue-slow stimulus.
Further, there was a significant interaction of stimulus type and test phase, calling for
follow up tests to determine how the two stimuli were differentially effective with
repeated presentation (flee 1 vs. flee 2). However, follow up tests revealed that for both
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stimulus types, F1 fish from all maternal BaP treatments habituated and fled
significantly less the second time the stimulus was presented than the first time (blueslow P < 0.0001; red-fast P < 0.0001). There were no significant interactions of maternal
BaP treatment with stimulus type (P < 0.3) or test phase (P < 0.2) in the original test, or
with test phase in either follow up test (blue-slow P < 0.3; red-fast P < 0.7). Total distance
traveled over the course of the trial was not significantly different between treatments
(RMANOVA; P < 0.2).

3.3.3 F1 Adult Respirometry
No significant effects of maternal BaP treatment on routine metabolic rate,
maximal metabolic rate, or aerobic scope in adult F1 fish (Figure 18). However, for all
parameters, aerobic metabolism trended lower in organisms from both the 12.5 and 125
µg BaP/g F0 female treatments relative to controls.

3.3.4 F1 Tissue Specific Bioenergetic Profiling
There was a significant main effect of maternal BaP treatment (P < 0.006) on
cardiac mitochondrial reserve capacity. This difference was driven by significantly lower
reserves in the 12.5 (P < 0.02) and 125 (P < 0.03) µg BaP/g F0 female treatments relative to
controls, (50 and 65% reductions, respectively) (Figure 19). No significant effects of
maternal BaP treatment were detected for any of the other tissue types (data not shown).
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3.3.5 F1 Reproductive Success and F2 Developmental Viability
F1 fecundity (F2 egg production per F1 female) and F2 survival rate were not
significantly different across treatment groups, however both parameters appeared
lower in the 12.5 µg BaP/g F0 fish treatment relative to controls. F2 embryos from the
12.5 µg BaP/g F0 fish began to hatch earlier than embryos from both the control and 125
µg BaP/g F0 fish treatments, with significantly higher hatch rate at 72 hpf (P < 0.006 and
P < 0.03, respectively). Further, F2 larvae from the 12.5 µg BaP/g F0 fish had significantly
longer body lengths relative to larvae from both the control and 125 µg BaP/g F0 fish
treatments at 96 hpf (P < 0.002 and P < 0.0001, respectively) (Figure 20). Pericardial
edema was the only deformity detected (at very low frequency) in any of the F2 larvae,
and incidence was not different across F0 BaP treatments (data not shown).

3.3.6 F2 Embryo Bioenergetic Profiling
In 24 hpf F2 embryos, total basal respiration was significantly reduced in the
2500 ng BaP/g F0 female (11%) treatment relative to control. The decreased basal OCRs
in the F2 embryos from the 2500 ng BaP/g F0 female treatment was due to a significant
reductions in mitochondrial respiration (12%), while non-mitochondrial respiration was
not different across treatments (Figure 21A). Mitochondrial respiration coupled to ATP
turnover was significantly and trending lower in F2 embryos from the 2500 and 250
BaP/g F0 female treatments (39 and 27% reductions, respectively), resulting in
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significantly and trending lower mitochondrial coupling efficiency in these groups
relative to controls (Figures 21B and 22A). There were no significant effects of F0 BaP
treatment on total basal extracellular acidification rate (Figure 22B) or respiration due to
proton leak, total maximal, maximal mitochondrial, or mitochondrial reserve capacity
(Figure 21B-C).

3.3.7 Comparison of Mitochondrial Effects of F0 BaP Exposure
Across the F1 and F2 Generations in 24 hpf Embryos
For total basal respiration of embryos (24 hpf), there was a significant main effect
of F0 BaP treatment (P < 0.04) across F1 and F2 generations driven by significantly
reduced basal respiration in the 2500 ng BaP/g F0 female compared to controls (P <
0.007). Specifically, this effect was driven by the F2 generation, with significantly
reduced basal respiration (11%; P < 0.03) in the 2500 ng BaP/g F0 female treatment
relative to controls (Figure 23).
For mitochondrial respiration, there was a significant main effect of F0 BaP
treatment (P < 0.04) across F1 and F2 generations driven by significantly reduced
mitochondrial respiration in the 2500 ng BaP/g F0 female compared to controls (P <
0.007). Specifically, this effect was driven by the F2 generation, with significantly
reduced mitochondrial respiration (12%; P < 0.04) in the 2500 ng BaP/g F0 female
treatment relative to controls, while there was a trending reduction of the same
magnitude in the F1 (12%; P < 0.1) (Figure 23).
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For ATP turnover there was a significant main effect of F0 BaP treatment (P <
0.03) across F1 and F2 generations driven by significantly reduced mitochondrial
respiration in the 250 and 2500 ng BaP/g F0 female compared to controls (P < 0.05 and
0.005, respectively). Specifically, this effect was driven by the F2 generation, with
significant (P < 0.02) and trending (P < 0.08) in ATP turnover in the 2500 (43%) and 250
(29%) ng BaP/g F0 female treatment relative to controls (Figure 23).
For proton leak, there was a significant main effect of F0 BaP treatment (P < 0.04)
across F1 and F2 generations driven by significant (P < 0.04) and trending (P < 0.06)
increases in proton leak in the 250 and 2500 ng BaP/g F0 female compared to controls.
Specifically, this effect was driven by the F1 generation, with significant (P < 0.02) and
trending (P < 0.08) increases in proton leak in the 2500 (51%) and 250 (37%) ng BaP/g F0
female treatment relative to controls (Figure 23).
For mitochondrial coupling efficiency, there was a significant main effect of F0
BaP treatment (P < 0.05) across F1 and F2 generations driven by significant (P < 0.007)
and treading (P < 0.07) decreases in coupling in the 250 and 2500 ng BaP/g F0 female
compared to controls. Specifically, this effect was driven by the F2 generation, with a
significant reduction in coupling in the 2500 ng BaP/g F0 female treatment relative to
controls (48%; P < 0.007) (Figure 23).
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For total maximal, maximal mitochondrial, mitochondrial reserve capacity
(Figure 24), and non-mitochondrial respiration (Figure 24), there were no significant
effects of F0 BaP treatment across F1 and F2 generations.

3.4 Discussion
Understanding the persistent effects of cross-generational BaP-induced
mitochondrial dysfunction will aid our understanding our understanding of human
disease etiologies and legacy impacts of environmental pollution on wildlife. We have
previously demonstrated that maternal exposure to BaP reduces mitochondrial function
in F1 embryos. Herein, we show that BaP-induced changes in mitochondrial function
manifest in cardiac tissues later in life in F1 adults. Further, we demonstrate effects of
maternal BaP exposure on F1 behavior, physiology, and reproductive endpoints. Finally,
we present evidence that BaP-induced changes in mitochondrial function and metabolic
plasticity persist in the F2 generation, two generations removed from the original
exposure. Two our knowledge, this is the first demonstration of inheritance of
environmental toxicant-induced mitochondrial dysfunction across more than one
generation.

3.4.1 Hearts are Vulnerable Targets of BaP-induced Mitochondrial
Dysfunction in Maternally Exposed F1 Fish
Reduced mitochondrial reserve capacity was quantified in heart tissue of adult
F1 fish maternally exposed to BaP, which exhibited reduced ATP turnover and
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mitochondrial coupling efficiency as embryos. This finding is in line with the “Barker
Hypothesis” that altered metabolism during development may increase risk of
cardiometabolic disease later in life (Barker and Martyn 1992; Barker 1999; Simmons
2012) and provides support for the idea that mitochondria play a mechanistic role in the
developmental origins of adult disease (Andreux et al. 2013). Genetic mitochondrial
disorders frequently present with cardiac consequences (Pfeffer and Chinnery 2013), and
cardiac mitochondrial toxicity is implicated in the progressive and irreversible
doxorubicin-induced cardiomyopathy observed in many cancer patients following
treatment with this antineoplastic drug (Wallace 2003). In terms of environmental
toxicants, Stapleton et al. (2015) have previously demonstrated reduced maximal
mitochondrial respiration in mitochondria isolated from ventricle and uterus tissues
from rats gestationally exposed to an environmental toxicant (TiO2 nanoparticles). The
reduced cardiac mitochondrial reserve capacity measured in the present study reflects
reduced metabolic plasticity and diminished capacity to respond to increased ATP
demand. Alterations in cardiac energy metabolism can affect overall cardiac function
(e.g. heart rate, cardiac output, cardiac scope), which in turn can affect organismal
metabolism and performance (Driedzic et al. 1987; Jayasundara et al. 2015a). Thus,
alterations in cardiac mitochondrial reserve capacity may contribute to trending effects
of maternal BaP exposure on organismal aerobic respiration, as well as significantly
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altered behavioral phenotypes. Notably, we did not detected altered mitochondrial
respiration in brain, liver, or gonad tissues of maternally exposed F1 fish, identifying
hearts as a vulnerable target of BaP-induced cross-generational mitochondrial
dysfunction.

3.4.2 Persistent Neurobehavioral Consequences of Maternal BaP
Exposure
In Chapter 2, we observed hypoactivity in F1 larvae maternally exposed to BaP
in the 125 or 1250 µg BaP/g food F0 treatment groups (note that the 1250 µg BaP/g group
was not evaluated for later life neurobehavioral effects due to high developmental
toxicity). Herein, we demonstrate that altered neurobehavioral phenotypes resulting
from maternal exposure to BaP persist later in life in F1 adult fish. Behavioral effects
emerged in the 12.5 µg BaP/g treatment in the novel environment exploration test,
despite lack of detected effects in this group at the larval life stage.
Specifically, F1 adult fish maternally exposed to BaP (12.5 and 125 µg BaP/g
food) exhibited reduced dive response and hyperactivity in a novel environment. These
behaviors are indicative of reduced fear and anxiety behaviors or increased risk-taking
behaviors. The observed hyperactivity is consistent with hyperactive swimming
behavior in F1 zebrafish indirectly exposed to BaP through an F0 developmental BaP
exposure (Knecht et al. 2017). The observed hyperactivity is also consistent with
epidemiological studies in which prenatal exposure to PAHs is associated with ADHD
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in children (Perera et al. 2012; Perera et al. 2014; Peterson et al. 2015). Notably, while
anxiety behavior is a conserved target for across model organisms, evidence from
epidemiological studies and rodent models suggest increased anxiety maternal/prenatal
PAH exposure, in contrast to reduced anxiety behaviors observed in the present study
(Crépeaux et al. 2012; Perera et al. 2012).
In contrast to hyperactivity observed in the novel environment exploration test,
F1 fish from the 125 µg BaP/g food F0 treatment exhibited hypoactivity relative to
controls in the startle response habituation test. This effect was observed pre-startle
stimulus over the course of the test and emerged post-stimulus once habituation
occurred. This hypoactivity is consistent with the reduced locomotor activity observed
early in life in F1 larvae (Chapter 2). While reduced activity can be the result of a
behavioral or bioenergetic effect, the observation that effects on locomotor activity were
endpoint specific suggests a behavioral origin (hyperactivity in novel environment,
hypoactivity in startle response, and no effect in shoaling or predator avoidance).
We detected no effect of maternal BaP exposure on shoaling behavior of adult F1
zebrafish. The lack of detectable shoal response in the present study is consistent with a
previous study finding no difference in shoaling behavior in F1 and F2 generations of
zebrafish following F0 exposure to BaP (Knecht et al. 2017). However, this same study
found less coherent shoaling in the directly exposed F0 generation, suggesting social
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anxiety behaviors. Further, prenatal exposure to PAHs via air pollution is tentatively
linked to increased risk of ASD in humans (Talbott et al. 2015).
In the present study, we did not detect effects of maternal BaP exposure on
predator avoidance behavior of F1 fish. Knecht et al. (2017) reported hyper avoidance
behaviors in F1 fish indirectly exposed to BaP following a developmental F0 exposure.
Different responses to this and other behavioral tests between these studies may be the
result of different exposure levels and paradigms (21 day chronic dietary adult female
exposure versus developmental (6-120 hpf) aqueous exposure).
Taken together, these data support the hypothesis that maternal exposure to BaP
affecting bioenergetics during development may have persistent later-life behavioral
consequences, underscoring the importance of considering the role of cross-generational
exposure to PAHs in disease pathologies. The highlighted similarities and differences
observed between zebrafish and mammalian systems on behavioral endpoints will be
important to consider when evaluating the applicability of zebrafish to model these
effects. The link between mitochondrial dysfunction and the observed behavioral
phenotypes remains to be validated. In an attempt to link altered behavior to
mitochondrial dysfunction, we measured aerobic metabolism ex vivo in whole brain
tissues from F1 fish; however, we detected no significant differences in total basal,
mitochondrial, or non-mitochondrial respiration across treatments. It is likely that effects
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on mitochondrial function are heterogeneous throughout the brain, diluting effects at
the whole tissue level. For example, Crépeaux et al. (2012) found local decreases
cytochrome c oxidase activity in brain regions associated with anxiety behaviors in rats
perinatally exposed to PAHs.

3.4.3 Mitochondrial Dysfunction Persists in the F2 Generation
Mitochondrial dysfunction persisted in F2 embryos, two generations removed
from the original F0 exposure. To the best of our knowledge, this is the first
demonstration that an environmental toxicant can have multigenerational effects on
mitochondrial function (though Knecht et al. (2017) reported reduced total basal OCR in
F2 embryos following an F0 BaP exposure). Notably, metabolic consequences occurred
in F2 embryos even at F0 exposure levels that did not cause significant dysfunction or
caused reduced magnitude of dysfunction in the F1 generation, with important
implications for the inheritance of environmental toxicant-induced mitochondrial
dysfunction. These findings are consistent with complex inheritance patterns of
mitochondrial dysfunction from an affected mother, including somatic or fertility
difficulties in the F1 generation and systemic mitochondrial defects in the F2 generations
(Krishnan et al. 2008), which result from mitochondrial bottlenecks during oogenesis
and early embryonic development (Mishra and Chan 2014). For example, in the present
study we detected cardiac mitochondrial toxicity in the F1 generation (maternally
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exposed) and embryonic mitochondrial dysfunction in the F2 generation (germline
exposed).
Interestingly, while mitochondrial dysfunction was the most impacted in the
2500 ng BaP/ g F0 female treatment, we did not detect differences in developmental
viability in this group. In contrast, we detected trending reductions in F1 fecundity as
well as significant early hatching and increased body length in F2 larvae from the 250 ng
BaP/g F0 female treatment, which experienced more moderate mitochondrial
dysfunction. It is possible that we are observing a mitohormetic or thrifty phenotype in
these individuals, which may come with fitness tradeoffs later in life (Hales and Barker
2001; Meyer et al. 2018). Another possible explanation is that the relatively low level F0
BaP exposure induced endocrine disrupting activities affecting reproductive fitness of
F1 offspring (Baker et al. 2014a; Baker et al. 2014b; Thomas 1988).

3.4.4 Conclusions
Maternal BaP exposure has persistent effects on mitochondrial function and
fitness consequences later in life in F1 generation, and mitochondrial dysfunction is
inherited in the F2 generation. Hearts are identified as an important target of crossgenerational PAH-induced mitochondrial dysfunction in F1 adults, suggesting that
mitochondrial dysfunction may contribute to increased risk of cardiovascular disease
associated with gestational exposure to PAHs observed in epidemiological studies. Later
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life alterations in activity levels, anxiety/fear behaviors, and reproductive endpoints
suggest reduced organismal fitness. Finally, we present evidence that BaP induced
changes in mitochondrial function persist in at least two generations removed from the
original exposure, suggesting multigenerational reductions in fitness may follow a
single exposure event.
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Figure 14: Novel environment exploratory behavior of adult F1 fish (n=35-43)
maternally exposed to BaP. (A) Distance from tank floor as a function of trial minute.
(B) Total distance traveled per trial minute. Data are presented as means ± SEM. Bars
with # denote a significant difference from control over the course of the trial, and *
indicate a significant difference from control during a given trial minute.
(RMANOVA followed by Dunnett’s; P < 0.05).
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Figure 15: Startle response and habituation behavior of adult F1 fish (n=35-40)
maternally exposed to BaP. (A) Distance traveled in the 5 s preceding the tap stimulus.
(B) Distance traveled in the 5 s following the tap stimulus. Data are presented as
means ± SEM. Bars with # denote a significant difference from control over the course
of the trial, and * indicate a significant difference from control during a given trial
minute. (RMANOVA followed by Dunnett’s; P < 0.05).
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Figure 16: Social affiliation behavior of adult F1 fish (n=36-47) maternally
exposed to BaP. (A) Distance from shoaling video as a function of trial minute. (B)
Total distance traveled per trial minute. Data are presented as means ± SEM. No
significant effects of maternal BaP treatment were detected (RMANOVA followed by
Dunnett’s; P < 0.05).
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Figure 17: Predator avoidance behavior of adult F1 fish (n=29-30) maternally
exposed to BaP. (A) Overall flee response (average of flee 1 and flee 2) from the blueslow and red-fast stimuli. (B) Average distance traveled per trial minute. (C)
Habituation to the blue-slow stimulus between the first and second presentation (flee
1 and flee 2, respectively). (D) Habituation to the red-fast stimulus between the first
and second presentation (flee 1 and flee 2, respectively). Data are presented as means
± SEM. No significant effects of maternal BaP treatment were detected (RMANOVA
followed by Dunnett’s; P < 0.05).
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Figure 18: Aerobic respiration of adult F1 fish (n=5-6) maternally exposed to
BaP (A) Routine metabolic rate. (B) Maximal Metabolic Rate. (C) Aerobic Scope (AS =
RMO2 - MMO2). No significant effects of maternal BaP treatment were detected (Oneway ANOVA followed by Fisher’s LSD; P < 0.05).
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Figure 19: Cardiac mitochondrial reserve capacity of adult F1 fish maternally
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from control (One-way ANOVA followed by Fisher’s LSD; P < 0.05).

94

A
110

250
2500

100
95
90
85

24

48

72

0
2500

50

0

96

24

48

72

96

Time (hpf)

C

D
F2 Body Length (96 hpf)

110
105

*

100
95

0

12.5

125

F1 Fecundity
Fecundity (F2 Eggs/F1 Female)

Body Length (% Control)

250

*

100

Time (hpf)

90

F0 BaP Exposure
(ng BaP/ g Fish)

F2 Hatch Rate

150

0

105

Hatch Rate (%)

Survival Rate (%)

B

F0 BaP Exposure
(ng BaP/ g Fish)

F2 Survival Rate

Maternal Exposure (µg/g food)

100
80
60
40
20
0

0

12.5

125

Maternal Exposure (µg/g food)

Figure 20: Reproductive success of F1 females maternally exposed to BaP. (A)
Survivorship of F2 embryos (n=5; average of 16 embryos per measurement from 5
separate breeding events). (B) Hatch rate of F2 embryos (n=5; average of 16 embryos
per measurement from 5 separate breeding events). (C) Body length of F2 embryos at
96 hpf (n=48; 16 larvae per treatment per replicate, 3 separate breeding events). (D) F1
fecundity expressed as F2 eggs produced per F1 female (n=3; average of 10 F1 females
from 3 separate breeding events). Data are presented as means ± SEM. * indicates
significant difference from control (RMANOVA with maternal BaP treatment as the
between subject factor and time as the repeated measure was used for survival rate
and hatch rate. Two-way ANOVA with treatment and breeding replicate was used for
F2 body length. One-way ANOVA was used for F1 fecundity. All tests were followed
by Fisher’s LSD; P < 0.05).
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Figure 21: Metabolic partitioning of respiration in F2 embryos (24 hpf). (A)
Basal respiration. (B) Mitochondrial respiration. (D) Maximal respiration. Data are
presented as means ± SEM. Different letters denote statistical differences across
treatments within a given parameter (Two-way ANOVA with treatment and replicate
factors followed by Fisher’s LSD; P < 0.05).
96

ATP Turnover / Mitochondrial (%)

A

F2 Embryo (24 hpf)
Mitochondrial Coupling Efficiency
a
60
a,b

20

0

0

12.5

125

F0 Exposure (ng BaP/ g Fish)

B

ECAR (mpH/min/embryo)

b

40

F1 Embryo (24 hpf)
Total Basal ECAR
80
60

a

40
20
0

0

12.5

125

F0 Exposure (ng BaP/ g Fish)
Figure 22: Metabolic parameters of F2 embryos (24 hpf). (A) Mitochondrial
coupling efficiency. (B) Total basal extracellular acidification rate (ECAR), a proxy of
glycolysis. Data are presented as means ± SEM. Different letters denote statistical
differences across treatments within a given parameter (Two-way ANOVA with
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Figure 23: Relative effect of F0 BaP treatment on parameters of basal
respiration in zebrafish embryos (24 hpf) from the F1 and F2 generations. Data are
presented as percent control within a generation. * next to the exposure level indicates
significant main effect of F0 BaP treatment across generations (* P < 0.05, ** P < 0.01). #
indicates significant difference from control within a generation (P < 0.05). (Two-way
ANOVA with treatment and generation factors followed by Fisher’s LSD). Data are
from oligomycin coupled with antimycin A + rotenone plates.
98

Maximal

100

Generation

F1

*

95
F2

0

250

2500

F0 Exposure (ng BaP/ g Fish)

Maximal Mitochondrial

100

F2

95

Generation

F1

0

250

2500

F0 Exposure (ng BaP/ g Fish)

Mitochondrial Reserve Capacity
120
F1

Generation

110

100
F2

90
0

250

2500

F0 Exposure (ng BaP/ g Fish)

Figure 24: Relative effect of F0 BaP treatment on parameters of maximal
respiration in zebrafish embryos (24 hpf) from the F1 and F2 generations. Data are
presented as percent control within a generation. * indicates significant main effect of
F0 BaP treatment across generations (* P < 0.05, ** P < 0.01). # indicates significant
difference from control within a generation (P < 0.05). (Two-way ANOVA with
treatment and generation factors followed by Fisher’s LSD). Data are from FCCP
coupled with antimycin A + rotenone plates.
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4. Cross-generational Exposure to Benzo(a)pyrene
Affects Metabolic Plasticity and Thermal Stress
Response Capacity
This chapter will be submitted as: Kozal, J.S., Jayasundara, N., and Di Giulio, R.T.
Cross-generational exposure to benzo(a)pyrene affects metabolic plasticity and thermal
stress response capacity.
Note: Data from the F2 organisms described in Chapter 3 are used for the control
temperature (28 °C) values as a baseline of comparison for the effects of temperature stress (32
°C) investigated in Chapter 4.

4.1 Introduction
In the face of global change, anthropogenic impacts have become pervasive in
marine environments (Crain et al. 2008). Thus, marine organisms and ecosystems are
increasingly being subjected to the concurrent or serial impacts of multiple stressors,
which may have synergistic, additive, or antagonistic effects on organismal physiology
(Gobler et al. 2014; Kroeker et al. 2014; Rosa and Seibel 2008) and ecological communities
(Crain et al. 2008; Griffith et al. 2012; O'Connor and Donohue 2013). For example,
exposure to some pollutants and changes in temperature, carbonate chemistry,
dissolved oxygen concentrations all affect aerobic metabolism (Du et al. 2015;
Jayasundara et al. 2017; Somero et al. 2016), which introduces potential for interactive
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effects via both direct effects on the metabolic pathways and indirect effects on cellular
homeostasis processes.
The ability of organisms to adjust their metabolism (i.e. metabolic plasticity) is
considered to be crucial for effective response to individual or multiple stressor
scenarios with global change (Deutsch et al. 2015). However, studies of the potential
interactions between these stressors on metabolic plasticity remain extremely limited
(Deutsch et al. 2015; Jayasundara et al. 2017; Nilsson et al. 2010; Rosa and Seibel 2008).
We must understand the physiological interactions of these stressors in order to predict
organismal fitness in a changing world (Somero 2011).
In the present study, we evaluate the bioenergetic consequences of legacy
exposure to a pollutant when responding to thermal stress. We have previously shown
that exposure of an F0 generation of female Danio rerio to benzo(a)pyrene— a ubiquitous
environmental pollutant, model polycyclic aromatic hydrocarbon, and known
mitochondrial toxicant (Du et al. 2015; Jung et al. 2009a)— can have persistent effects on
mitochondrial function in the F1 and F2 generations (maternal and cross-generational
exposures, respectively) (Chapters 2 and 3). Specifically, we see reduced mitochondrial
coupling efficiency and ATP turnover in embryos from both the F1 and F2 generations
as well as persistent later life reductions in cardiac mitochondrial reserve capacity in F1
adults. Reductions in metabolic plasticity create added potential for synergistic
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interactions with other abiotic stressors such as temperature. To effectively respond to
increasing temperatures, organisms must have the capacity to increase and sustain
adequate aerobic respiration and ATP production due to the thermal acceleration of
physiological processes (i.e. Q10 effects) as well as increased ATP requirements
associated with cellular stress responses (Hochachka and Somero 2002; Somero 2011).
Importantly, even in normally functioning animals, while ATP demand rises with
increasing temperature, the efficiency of mitochondrial respiration decreases (Abele et
al. 2002). Therefore, it seems likely that individuals with pre-existing mitochondrial
dysfunction would be further sensitized to thermal stress.
To this end, we aimed to determine whether F2 organisms with reduced
metabolic plasticity resulting from cross-generational BaP exposure would exhibit
reduced lower thermal stress response capacity. First, we examined mitochondrial
function in vivo in F2 embryos to characterize altered baseline metabolic phenotypes at
28 °C and altered thermal plasticity of metabolic processes at 32 °C. Given observed
effects on bioenergetics, we then investigated whether F2 organisms with a cross
generational history of exposure to BaP exhibited reduced developmental viability at 28
°C and 32 °C. To determine if the interactive effects of cross-generational BaP exposure
and thermal stress persisted later in life, we characterized organismal aerobic
metabolism in adult F2 fish. Given the role of cardiac bioenergetic function and
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plasticity in determining teleost thermal limits (Farrell and Jones 1992; Farrell et al. 2009;
Jayasundara and Somero 2013; Pörtner and Farrell 2008), we evaluated cardiac
mitochondrial function at both temperatures. Finally, we characterized organismal
thermal tolerance of F2 fish cross-generationally exposed to BaP. Collectively, the
present study provides a comprehensive analysis of the persistent cross-generational
bioenergetic consequences of a single exposure event to a ubiquitous and persistent
contaminant, benzo(a)pyrene, in an environment increasingly being affected by multiple
stressors.

4.2 Materials and Methods
4.2.1 Zebrafish Care
Adult F1 zebrafish from the control, low, and medium (0, 250, and 2,500 ng
BaP/g fish, respectively) F0 maternal dietary BaP-exposure groups (described in Chapter
3) were maintained in a recirculating AHAB system (Aquatic Habitats, Inc., Apopka, FL,
USA) at 28-29 °C, pH 7.0-7.5, and 60 ppm artificial seawater (ASW; Instant Ocean, Foster
& Smith, Rhinelander, WI, USA) with 14:10 h light/dark cycle. Fish were fed twice daily
Artemia nauplii in the morning and Zeigler’s Adult Zebrafish Complete Diet (Zeigler
Bros., Inc., Gardners, PA, USA) in the afternoon.
At ~6 mpf, approximately 30 reproductively mature F1 female zebrafish were
selected for production of the F2 generation. F1 females from each maternal exposure
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groups were spawned with an independent set of unexposed males in breeder tanks at a
5:3 ratio. The F2 eggs were collected, maintained in embryo medium (30% Danieau), and
placed in an incubator at 28 °C for use in subsequent analyses. A subset of the F2 larvae
was raised up to adulthood to characterize later-life effects of cross-generational
exposure to BaP and temperature stress.

4.2.2 F2 Developmental Viability Under Prolonged Thermal Stress
To assess developmental viability of F2 organisms under baseline conditions as
well as under prolonged thermal stress, F2 embryos were screened for fertilization at 6
hpf and plated in individual wells of two 48 well plates (n=48; 16 embryos per treatment
group per plate, repeated 3 time with embryos from separate breeding events) and
placed in an incubator at 28 °C. At 24 hpf, baseline mortality was recorded and then one
plate was returned to the incubator at 28 °C (baseline temperature) and one plate was
transferred to an incubator at 32 °C (thermal stress). Embryos/larvae were screened for
survivorship and hatching success at 48 and 72 hpf, as well as for deformities and
growth at 96 hpf.

4.2.3 Embryo (F2) Aerobic Response to Thermal Stress
To assess persistent mitochondrial effects in the F2 generation as well as
differential metabolic repose to thermal stress, F2 embryos were raised under standard
conditions in a 28 °C incubator until 24 hpf. Oxygen consumption rate (OCR) was
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measured at 28 °C (n=28) and 32 °C (n=21) using an Agilent Seahorse XFe24 Extracellular
Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA), as previously described
(Stackley et al. 2011). F2 embryos were tested at only one temperature and were allowed
to acclimate to their respective evaluation temperatures for 1 hour (30 minutes in an
incubator and an additional ~30 minutes in the instrument during calibration) prior to
the first OCR measurement. Basal OCR measurements were followed first by an
injection of oligomycin or carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) and then by an injection sodium azide (NaN3) (Sigma-Aldrich, St. Louis, MO,
USA). OCRs due to various mitochondrial parameters were calculated using the
measured basal and pharmacologically induced OCR measurements (Figure 2). Q10
coefficients were calculated using the following formula: Q10 = (OCRbasal(32 °C) / OCRbasal(28
°C)

)^(10/(32 °C-28 °C)). Oligomycin and FCCP were used on separate plates, each coupled

with NaN3.

4.2.4 Adult (F2) Aerobic Response to Thermal Stress
F2 fish from the control, low, and medium F0 female treatment groups (0, 250,
and 2,500 ng BaP/g F0 fish, respectively) were raised to maturity under standard
conditions at 28 °C. Whole organismal aerobic metabolic rates at 28 °C (n=5) and 32 °C
(n=2-3) were quantified in F2 zebrafish via intermittent flow respirometry using two
mini 170 mL swim tunnel respirometers (Loligo® Systems, Tjele, Denmark) equipped
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with fiber optic oxygen transmitters (PreSens – Precision Sensing GmbH, Regensburg,
Germany). Prior to analysis, each fish was fasted for 24 hours and allowed to acclimate
to its respective evaluation temperature for 1 hour in the swim tunnel respirometer at
minimal flow (Jayasundara et al. 2015a). Following the acclimation period, the swim
tunnel was sealed and the change in oxygen concentration (mg/L) over 5 min was
recorded. This procedure was repeated at 15-minute intervals for a total of four
measurements. OCR (mgO2/h) was calculated for each 5 min measurement window, and
the lowest measured OCR was determined to be routine metabolic rate (RMO2).
Maximum metabolic rate (MMO2) was measured using an exhausted metabolic rate
method, as previously described (Jayasundara et al. 2015a; Jayasundara et al. 2017). In
brief, oxygen consumption rate was recorded every minute for 5 minutes following fish
being chased to exhaustion by hand, and the highest OCR measurement was determined
to be MMO2. For each fish, aerobic scope was calculated as the difference between
MMO2 and RMO2. Q10 coefficients were calculated using the following formula: Q10 =
(RMO2(32 °C) / RMO2(28 °C))^(10/(32 °C-28 °C)).

4.2.5 Cardiac Mitochondrial Function Under Thermal Stress
Cardiac mitochondrial respiration was characterized ex vivo in hearts from adult
F2 fish from the 0, 250, and 2,500 ng BaP/g F0 female treatment groups at 28 °C (n=22-23)
and 32 °C (n=21-23) using an Agilent Seahorse XFe24 Extracellular Flux Analyzer
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(Agilent Technologies, Santa Clara, CA, USA) as previously described (Jayasundara et
al. 2015a). Heart tissues were tested at only one temperature and were allowed to
acclimate to their respective evaluation temperatures for 1 hour (30 minutes in an
incubator and an additional ~30 minutes in the instrument during calibration) prior to
the first OCR measurement. Basal OCR measurements were followed first by an
injection of carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) to obtain
maximal OCR, and then by an injection of a mix antimycin A and rotenone to obtain
OCR due to non-mitochondrial respiration (Sigma-Aldrich, St. Louis, MO, USA). OCRs
due to various mitochondrial parameters were calculated using the basal and
pharmacologically induced OCR measurements (Figure 2). Of note, mitochondrial
reserve capacity was calculated as the difference between FCCP-induced maximal and
basal OCR.

4.2.6 Thermal Tolerance
Acute thermal tolerance was quantified as critical thermal maximum (CTmax)
(Jayasundara et al. 2017; Jayasundara et al. in preparation). Adult F2 fish from the 0, 250,
and 2,500 ng BaP/g F0 female treatment groups (n=16) were separately placed in a
recirculating 8-chambered tank connected to a sump with a heater and temperature
controller. Following 1 hour of acclimation at 28 °C, fish were exposed to a thermal ramp
(1 °C/15 min) until the fish could not maintain dorso-ventral orientation. The
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temperature at loss of equilibrium was recorded as CTmax.

4.2.7 Statistical Analyses
For most endpoints, two-way ANOVA with F0 female BaP exposure and
temperature factors was used to assess statistical differences. For CTmax and Q10
coefficients, one-way ANOVA was used to test for an effect of F0 female BaP treatment.
For all endpoints, Fisher’s LSD post hoc analysis was used, and significance was
accepted if P < 0.05. Statistical analyses were conducted using Graph Pad Prism 6.0 (San
Diego, CA, USA). Specific statistical analysis methods used for each endpoint are
described in the corresponding figure legend.

4.3 Results
4.3.1 Developmental Alterations Under Prolonged Thermal Stress
There was a significant main effect of temperature on body length (P < 0.0001)
driven by significantly shorter body lengths at 32 °C compared to at 28 °C within the 250
and 2,500 ng BaP/g F0 female treatment groups, whereas body lengths were not
different across temperatures for controls (Figure 25). Further, both the main effect of
treatment (P < 0.006) and interaction of temperature and treatment (P < 0.0002) were
significant. At 32 °C, body lengths were significantly shorter in F2 fish from the 250 and
2,500 ng BaP/g F0 female treatment groups relative to controls, whereas at 28 °C F2 fish
from the lower treatment group had significantly longer body lengths than controls.
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There were no significant interactive effects of F0 BaP treatment and temperature on
survival, hatch rate, or deformities (data not shown).

4.3.2 F2 Embryo (24 hpf) Aerobic Response to Acute Thermal Stress
For total basal respiration, there were significant main effects of F0 BaP treatment
(P < 0.0004) and temperature (P < 0.0001) as well as a trending interaction (P < 0.08). F2
embryos from all F0 BaP treatments had significantly higher basal OCR at 32 than 28 °C.
Further, basal OCR was significantly lower in F2 embryos from the 2500 ng BaP/g F0
female treatment than their respective controls at 28 °C; however, basal OCR was
significantly higher in F2 embryos from the 250 ng BaP/g F0 female treatment at 32 °C
(Figure 26).
There was a significant effect of F0 BaP treatment on thermal sensitivity of basal
respiration (P < 0.0001). Specifically, Q10 coefficients for both the 250 and 2500 ng BaP/g
F0 female treatments (2.079 ± 0.132 and 1.938 ± 0.245, mean ± SD, respectively) were
significantly higher than that of controls (1.529 ± 0.168), with F2 embryos from the 250
ng BaP/g F0 female treatment also having significantly higher thermal sensitivity than
those from the 2500 ng BaP/g F0 female treatment (Table 2).
Similar to total basal respiration, for basal mitochondrial respiration, there were
significant main effects of F0 BaP treatment (P < 0.0007) and temperature (P < 0.0001). F2
embryos from all F0 BaP treatments had significantly higher mitochondrial OCR at 32
109

than 28 °C. Further, mitochondrial OCR was significantly lower in F2 embryos from the
2500 ng BaP/g F0 female treatment than their respective controls at 28 °C; however,
respiration was significantly higher in F2 embryos from the 250 ng BaP/g F0 female
treatment at 32 °C (Figure 26).
The OCR attributed to the production of ATP (i.e. ATP turnover) was
significantly affected by both F0 BaP treatment (P < 0.02) and temperature (P < 0.0001).
F2 embryos from all F0 BaP treatments had significantly higher ATP turnover at 32 than
28 °C. F2 embryos from the 2500 ng BaP/g F0 female treatment had lower ATP turnover
than their respective controls at both 28 and 32 °C (Figure 26).
Proton leak was significantly affected by temperature (P < 0.0001), with F2
embryos from all F0 BaP treatments having lower leak at 32 than 28 °C. Proton leak was
not significantly different across F0 BaP treatments at either temperature (Figure 26).
The increase in proton leak, even in spite of the increase in ATP turnover, the
resulted in decreased mitochondrial coupling efficiency with increased temperature.
Specifically, there was a significant main effect of temperature (P < 0.0001) on coupling
efficiency, with F2 embryos from all F0 BaP treatments having lower coupling at 32 than
28 °C. Breaking down the analysis of treatment by temperature, at 28 °C, F2 embryos
from the 2500 ng BaP/g F0 female treatment had significantly lower coupling than their
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respective controls. No significant differences for coupling were observed across F0 BaP
treatments at 32 °C (Figure 27).
For non-mitochondrial respiration, there was a significant main effect of
temperature (P < 0.004) as well as a trending interaction of temperature and F0 BaP
treatment (P < 0.09). Specifically, non-mitochondrial OCR was not different across
temperatures in control embryos; however, F2 embryos from the 250 and 2500 ng BaP/g
F0 female treatments had significantly higher non-mitochondrial respiration at 32 than
28 °C. Further, at 28 °C, F2 embryos from the 250 and 2500 ng BaP/g F0 female treatment
had significantly lower non-mitochondrial respiration than controls. No significant
differences for non-mitochondrial respiration were observed across F0 BaP treatments at
32 °C (Figure 26).
For total maximal respiration, there was a significant main effect of temperature
(P < 0.0008) as well as a significant interaction of temperature and F0 BaP treatment (P <
0.01). Specifically, maximal respiration was not different across temperatures in control
embryos; however, F2 embryos from the 250 and 2500 ng BaP/g F0 female treatments
had significantly higher maximal respiration at 32 than 28 °C. Further, at 28 °C, F2
embryos from the 2500 ng BaP/g F0 female treatment had significantly lower maximal
respiration than controls, whereas significantly higher maximal respiration compare to
controls was detected in the 250 ng BaP/g F0 female treatment at 32 °C (Figure 26).
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Similar trends were observed for maximal mitochondrial respiration.
Specifically, there was a significant main effect of temperature (P < 0.004) as well as a
significant interaction of temperature and F0 BaP treatment (P < 0.01). Maximal
mitochondrial respiration was not different across temperatures in F2 embryos from the
control or 2500 ng BaP/g F0 female treatments; however, F2 embryos from the 250 ng
BaP/g F0 female treatment had significantly higher maximal mitochondrial respiration at
32 than 28 °C. Further, maximal mitochondrial respiration was significantly higher in F2
embryos from the 250 ng BaP/g F0 female treatment than their respective controls at 32
°C. No significant differences for maximal mitochondrial respiration were observed
across F0 BaP treatments at 28 °C (Figure 26).
Temperature significantly affected mitochondrial reserve capacity (P < 0.0001),
with F2 embryos from all F0 BaP treatments having lower reserve at 32 than 28 °C.
Reserve capacity was not significantly different across F0 BaP treatments at either
temperature (Figure 26).

4.3.3 F2 Adult Aerobic Response to Acute Thermal Stress
There was a significant main effect of temperature (P < 0.02) on RMO2, with
higher routine metabolic rates 32 than 28 °C. This difference was driven by significant (P
< 0.006) and trending (P < 0.08) differences across in RMO2 in the 2500 and 250 ng BaP/g
F0 female treatments, respectively (Figure 28A). The Q10 coefficient for the 2500 ng BaP/g
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F0 female treatment (8.525 ± 1.486) was significantly higher than that of controls (1.226 ±
0.930) (P < 0.002) (Table 3). There were no significant main effects of temperature or
treatment on MMO2; however, qualitatively, maximal metabolic rate appeared higher in
controls at 32 than 28 °C (P < 0.12), while it did not appear different across temperatures
for fish from the F0 BaP treatments (Figure 28B). There were a trending main effect of
treatment (P < 0.07) and interaction of temperature and treatment (P < 0.13) on aerobic
scope driven by significantly reduced aerobic scopes in the 2500 and 250 ng BaP/g F0
female treatments (P < 0.02 and P < 0.03, respectively) relative to controls at 32 °C but not
at 28 °C (Figure 28C).

4.3.4 F2 Adult Cardiac Mitochondrial Response to Acute Thermal
Stress
There was a significant main effect of temperature (P < 0.0002) on cardiac
mitochondrial reserve capacity. This difference was driven by significantly lower
reserves at 32 than 28 °C in the 2500 (P < 0.005) and 250 (P < 0.05) ng BaP/g F0 female
treatment, but reserves were not different across temperatures for the controls (Figure
29). Breaking down the analysis of treatment by temperature, at 32 °C, mitochondrial
reserve capacity was significantly lower in F2 fish from the 250 and 2,500 ng BaP/g F0
female treatment groups relative to controls (17 and 22% reductions, respectively)
(Figure 30). There were no significant differences across treatments at 28 °C. There were
trending main effects of temperature on maximal (P < 0.06) and maximal mitochondrial
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respiration (P < 0.07) driven by significant reductions in the 2500 ng BaP/g F0 female
treatments at 32 °C relative to 28 °C. There was a significant main effect of temperature
on non-mitochondrial respiration (P < 0.008), driven by lower non-mitochondrial
respiration in at 32 than 28 °C. There were no significant differences in cardiac total
basal or basal mitochondrial respiration between treatment groups or temperatures.
Mitochondrial function was also evaluated in brain tissues at both temperatures.
There was a significant main effect of temperature on non-mitochondrial respiration,
driven by lower non-mitochondrial respiration in at 32 than 28 °C. There were no
significant differences in total basal or basal mitochondrial respiration between
treatment groups or temperatures (data not shown).

4.3.5 Thermal Tolerance (F2 Adults)
Upper acute thermal tolerance (CTmax) was significantly lower in F2 fish from the
250 (mean ± SEM: 39.94 ± 0.17 °C) and 2,500 (40.00 ± 0.22 °C) ng BaP/g F0 female
treatment groups relative to controls (40.63 ± 0.13 °C) (Figure 31). CT max ranged
between 40-41 (median: 41 °C, mode: 41 °C). Fish from the 250 and 2500 ng BaP/ g F0
female groups exhibited ranges between 39-41 °C (median: 40 °C, mode: 40 °C) and 3841 °C (median: 40 °C, mode: 40 °C), respectively. Standard deviations were not
statistically different across treatment groups, but variability was trending higher in F0
treatment groups compared to controls (Bartlett’s test; P < 0.1).
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4.4 Discussion
Understanding the interactive effects of concurrent or serial impacts of multiple
stressors on organism’s metabolic plasticity will be essential in predicting their fitness
with anthropogenic change (Jayasundara 2017; Jayasundara et al. 2017; Sokolova et al.
2012; Somero 2010, 2011, 2012). Herein, we demonstrate that BaP-induced changes in
mitochondrial function and metabolic plasticity persist in the F2 generation, two
generations removed from the original exposure, suggesting multigenerational
reductions in fitness following single exposure events. Further, fish with altered
fundamental bioenergetic processes resulting from cross-generational exposure to
benzo(a)pyrene have lower thermal stress response capacity than organisms with no
history of exposure, with significant ecological implications.

4.4.1 Trade-offs Experienced in Multiple Stressor Scenarios
When exposed to temperature stress during development, F2 organisms with a
cross-generational history of exposure to BaP exhibited reduced growth compared to
controls, whereas the opposite was true at baseline temperature. This finding suggests
that F2 organisms incur metabolic costs under thermal stress and may be forced to
compromise growth, reducing overall fitness, for basal maintenance (Sokolova et al.
2012). In the face of energy limitations, ectothermic organisms under stress modify the
flow of available ATP among competing processes, allocating more energy to damage115

repair and demolition, which may require suppressing other fundamental processes
such as cellular proliferation (Somero 2011). Notably, redistribution of energy at the
cellular level can have organismal level effects including reduced growth, locomotor
activity, and reproduction. In this manner, thermal stress compromises organismal
fitness, and creates potential for downstream population (e.g. reduced ability to
maintain a healthy population and local extinctions (Pörtner and Knust 2007; Somero
2010)) and ecosystem level effects (e.g. shifts in species composition (Somero 2002, 2012;
Stachowicz et al. 2002) and predator-prey dynamics (Petes et al. 2008)). Specifically,
reduced larval growth increases vulnerability to predation and reduces larval
recruitment (Anderson 1988), suggesting that organisms with a cross-generational
history of exposure to BaP would have reduced ecological fitness when developing in
multi-stressor environments.

4.4.2 Metabolic Plasticity
With a moderate (4 °C) increase in temperature, routine metabolic rates of adult
F2 fish with a cross-generational history of exposure to BaP increased significantly and
dramatically (2.4 fold), whereas metabolic rates of control fish increased to a much lesser
extent (1.1 fold). To put these numbers in environmental context, in estuarine
ecosystems, summer temperatures approach 35 °C and temperatures can change by as
much as 15 °C in a single tidal cycle (Schulte 2007; Sidell et al. 1983). While we expect
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metabolic rates to increase with temperature, these data suggest that under thermal
stress, organisms with a cross-generational history of exposure have higher cost for
living than controls. It is possible that organisms with a history of exposure the increase
in oxygen demand to meet the increased ATP requirements associated with
energetically costly cellular stress responses (e.g. damage-repair and demolition events)
and restoration of cellular homeostasis (Somero 2011) is exacerbated in organisms with a
history of exposure.
Further, the Q10 coefficient, which describes the exponential thermal acceleration
of physiological processes in accordance with the Arrhenius relationship (Hochachka
and Somero 2002), was nearly 7 times higher in organisms with a history of exposure
than controls. This finding suggests that cross-generational exposure to BaP potentiates
the thermal acceleration of metabolism, which might impose challenges at higher
temperatures if metabolism rises to levels that cannot be supported the metabolic
machinery.
At 32 °C, organisms with a cross-generational history of exposure also exhibited
reduced aerobic scope relative to controls, resulting from significant increases in routine
metabolic rates and trending reductions in maximum metabolic rates. Interestingly,
aerobic scope of controls appeared to increase with the moderate increase in
temperature, whereas aerobic scope decreased between temperatures for exposed
117

organisms. Aerobic scope is a fundamental determinant of ecological fitness, indicating
that organisms with cross-generational history of exposure may not be able to sustain
optimum performance at warmer temperatures compared to controls (Nilsson et al.
2009). Further, loss of the ability to maintain (or even increase) aerobic scope at elevated
temperatures suggests reduced thermal tolerance (Pörtner 2001).
Similar effects were observed for F2 embryos— individuals with a crossgenerational history of exposure exhibited reductions in many bioenergetic parameters
(e.g. basal, maximal, mitochondrial, maximal mitochondrial, and non-mitochondrial)
relative to controls at 28 °C, whereas they exhibited higher respiration than controls in
these same parameters at 32 °C. Interestingly, it was organisms from the lower exposure
(250 ng BaP/g F0 fish) that exhibited increased metabolism relative to controls at 32 °C,
whereas this effect was lost in organisms from the higher exposure (2500 ng BaP/g F0
fish), even though baseline data from 28 °C indicates that this group is more
metabolically compromised (e.g. reduced ATP turnover at both 28 and 32 °C compared
to controls). The non-monotonic response can likely be explained by the phenomenon
that metabolic rates increase exponentially with temperature but eventually plateau and
drop as the temperature approaches an organism’s thermal maximum (Pörtner 2001).
This observation is perhaps better elucidated by the Q10 temperature coefficients, where
the thermal acceleration of metabolism was higher in both exposure groups than
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controls (1.529), but was highest in the low exposure group (2.079) and significantly
dropped off in the higher exposure group (1.938). Taken together, these data
demonstrate that organisms with a cross-generational history of exposure have a higher
cost of living and reduced capacity to maintain fundamental metabolic processes as
temperatures warm.
It should be noted that 32 °C appears to be a relatively moderate thermal stress
for zebrafish embryos, at least in control group. While cardiac mitochondrial reserve
capacity was lower at 32 than 28 °C, mitochondrial coupling efficiency increased. Under
serious thermal stress, the efficiency of mitochondrial respiration should decrease—with
mitochondrial coupling and phosphorylation rates decreasing, and futile proton cycling
(proton leak) and production of reactive oxygen species increasing— causing
progressive energetic inefficiency and oxidative stress (Abele et al. 2002).

4.4.3 Cardiac Mitochondrial Plasticity
Organisms with a cross-generational history of exposure exhibited reductions in
cardiac mitochondrial reserve capacity under thermal stress even in the absence of
effects at baseline temperature. Reduced mitochondrial scope at 32 °C suggests that
cardiac function is already compromised with a 4 °C increase in temperature. Both
overall cardiac function and plasticity (Farrell et al. 2009), and specifically that of cardiac
mitochondria (Jayasundara et al. 2015b), are thought to play fundamental roles in
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defining the thermal limit of a teleost. Increased systemic oxygen demand for oxidative
phosphorylation requires adaptive changes in the circulatory system to support
adequate transport and delivery of oxygen and substrates for catabolism and
biosynthesis to tissues (Farrell et al. 2009). However, the teleost heart, which powers the
circulatory system and has high inherent energy demands, becomes oxygen limited at
high temperatures as it receives deoxygenated blood from venous return (Farrell and
Jones 1992), affecting cardiac function and whole organismal performance. Thus, as
temperatures rise, hearts fail first. The mismatch of oxygen supply and demand at
elevated temperatures is thought to underlie thermal tolerance in teleosts, as described
by the oxygen and capacity limited thermal tolerance (OCLTT) theory (Pörtner and
Farrell 2008). Cardiac energy metabolism affects parameters of cardiac function (e.g.
heart rate, cardiac output, cardiac scope), which in turn affect whole organismal
metabolism and performance (Driedzic et al. 1987; Jayasundara et al. 2015a). Thus,
alterations in cardiac mitochondrial reserve capacity may underlie reduced aerobic
scope observed at the organismal level at 32 °C for fish cross-generationally exposed to
BaP.

4.4.4 Reduced Thermal Tolerance
In keeping with the OCLTT theory, reductions in thermal tolerance were
concomitant with reduced cardiac mitochondrial reserve capacity and organismal
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aerobic scope in organisms cross-generationally exposed to BaP. Specifically, our data
suggest that control fish can survive a temperature increase up to 40 or 41 °C, with most
fish succumbing at the higher temperature. While most organisms with a history of
exposure can survive to 40 °C, there are fewer tolerant fish that can survive to 41 °C, and
more sensitive fish that begin succumbing at lower temperatures of 38 or 39 °C. Future
studies should evaluate whether heterogeneity in the manifestation of mitochondrial
dysfunction can begin to explain the variability in thermal tolerance. Taken together,
these data suggest that the effects of legacy pollution may be more severe in
environments where organisms live close to their upper thermal limits (Somero 2012).
Significantly, in the environment, natural selection acts on critical thermal maximum,
which determines vulnerability to extinction or evolutionary potential (Diamond 2017;
Gilbert and Miles 2017; Huey et al. 2012; Ma et al. 2014).

4.4.5 Conclusions
In conclusion, we present evidence that altered bioenergetic processes in F2 fish
cross-generationally exposed to BaP contributed to increased thermal metabolic
sensitivity, reduced thermal metabolic plasticity, and reduced organismal thermal
tolerance. Further, cross-generational exposure to BaP potentiated metabolic effects
under thermal stress even in the absence of effects at baseline temperature. In the face of
energy limitations with thermal stress, organisms with a history of exposure exhibited
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trade-offs suggesting reduced fitness. The observation that fish with a history of
exposure to a ubiquitous environmental contaminant are more susceptible to a
secondary stressor suggests that legacy pollution may exacerbate the effects of natural
environmental temperature fluctuations as well as extreme temperature events, which
are increasing in frequency and severity. The interactive effects of these stressors on
organismal fitness create potential for downstream population and ecosystem level
effects, which will be important to understand for predicting the impacts of
anthropogenic global climate change.
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Figure 25: Body length of 96 hpf F2 larvae reared at 28 and 32 °C. Data are
presented as mean ± SEM. There were significant main effects of temperature (P <
0.0001, indicated by #) and treatment (P < 0.006), and significant interaction (P <
0.0002). The letter “a” indicates significant difference between 28 and 32 °C within a
given treatment group. * indicates significant difference of a treatment group
compared to control at a given temperature. (Two-way ANOVA with temperature and
treatment factors followed by Fisher’s LSD; P < 0.05.).
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Figure 26: Bioenergetic profiles of F2 embryos at 28 and 32 °C. * indicates
significant difference from control at a given temperature. # indicates significant
difference between 28 and 32 °C within a given treatment group. (Two-way ANOVA
with temperature and treatment factors followed by Fisher’s LSD; P < 0.05).
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Figure 27: Mitochondrial coupling efficiency of F2 embryos at 28 and 32 °C.
Data are presented as mean ± SEM. # indicates significant main effect of temperature.
F2 embryos from all treatment groups had significantly higher coupling at 32 than 28
°C. * indicates significant difference from control at a given temperature. (Two-way
ANOVA with temperature and treatment factors followed by Fisher’s LSD; P < 0.05).
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Figure 28: Aerobic respiration of F2 fish at 28 and 32 °C. (A) Routine metabolic
rate. (B) Maximal Metabolic Rate. (C) Aerobic Scope (AS = RMO2 - MMO2). Data are
presented as mean ± SEM. # indicates significant main effect of temperature. The
letter “a” indicates significant difference between 28 and 32 °C within a given
treatment group. * indicates significant difference from control at a given
temperature. (Two-way ANOVA with temperature and treatment factors followed by
Fisher’s LSD; P < 0.05).

126

Table 2: Q10 coefficients of F2 embryos. Data are presented as mean ± SD. Q10
coefficients were calculated as Q10 = (OCRbasal(32°C) / OCRbasal(28°C))^(10/(32°C-28°C)) using
error propagation. Different letters denote statistical differences across treatments
(One-way ANOVA followed by Fisher’s LSD; P < 0.05).

F0 BaP Exposure

28°C Basal OCR 32°C Basal OCR Q10 Coefficient

(ng BaP/ g Fish)

(pmol/min/embryo)

(pmol/min/embryo)

P < 0.0001

0
250
2500

118.8 (22.2)
112.9 (21.6)
103.0 (25.1)

140.8 (25.3)
151.2 (19.3)
134.2 (26.4)

1.529 (0.168) a
2.079 (0.132) b
1.938 (0.245) c

Table 3: Q10 coefficients of F2 adult fish. Data are presented as mean ± SD. Q10
coefficients were calculated as Q10 = (RMO2(32°C) / RMO2(28°C))^(10/(32°C-28°C)) using
error propagation. Different letters denote statistical differences across treatments
(One-way ANOVA followed by Fisher’s LSD; P < 0.05).

F0 BaP Exposure

28°C RMO2

32°C RMO2

Q10 Coefficient

(ng BaP/ g Fish)

(mg O2 kg-1 h-1)

(mg O2 kg-1 h-1)

P < 0.004

0
250
2500

0.819 (0.304)
0.831 (0.417)
0.676 (0.204)

0.888 (0.004)
1.344 (0.275)
1.594 (0.816)

1.226 (0.930) a
3.323 (1.354) a
8.525 (1.486) b
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Figure 29: Comparison of cardiac respiratory partitioning at 28 and 32 °C in F2
fish from different F0 BaP treatments. Data are presented as mean oxygen
consumption rate (mg O2 g-1 h-1). In F2 controls (A), bioenergetic profiles at 28 and 32
°C overlapped. In F2 fish from the 250 (B) and 2500 (C) ng BaP/ g F0 female groups,
bioenergetic profiles at 28 and 32 °C began to diverge. (Two-way ANOVA with
temperature and treatment factors followed by Fisher’s LSD; P < 0.05).
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Figure 30: Cardiac respiratory partitioning of F2 fish from different F0 BaP
treatment groups at 28 and 32 °C. Data are presented as mean oxygen consumption
rate (mg O2 g-1 h-1). (A) At 28 °C, bioenergetic profiles of F0 BaP treatment groups
overlapped with controls. (B) At 32 °C, bioenergetic profiles of F0 BaP treatment
groups began to diverge from controls. Mitochondrial reserve capacity is significantly
lower in both F0 BaP treatments than controls at 32 °C (Two-way ANOVA with
treatment and replicate factors followed by Fisher’s LSD; P < 0.05).
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Figure 31: Critical Thermal Maximum (CTmax) of F2 fish. Data are presented as
mean ± SEM. * indicates significant difference compared to control (One-way
ANOVA followed by Fisher’s LSD; P < 0.05).
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5. Conclusions
5.1 Summary
The potential for polycyclic aromatic hydrocarbons (PAHs) to have effects across
generations is an emerging concern in environmental health; however, the underlying
mechanisms are poorly understood. The goal of this dissertation was to explore role of
mitochondria in the maternal and cross-generational toxicity of PAHs.
The first hypothesis was that maternal exposure to benzo(a)pyrene (BaP)
affecting mitochondrial integrity and function in in F0 ovary tissues would have
persistent bioenergetic effects in the F1 generation of Danio rerio. F1 offspring exhibited
reduced mitochondrial function and integrity as well as biomarkers of oxidative stress,
manifesting with high inter-individual variability. Further these effects occurred without
significant mitochondrial effects in F0 ovary tissues, highlighting developmental
vulnerability.
The second hypothesis was that maternal exposure to BaP affecting fundamental
metabolic processes during F1 development would be associated with reduced
organismal fitness later in life as well as cross-generational inheritance of mitochondrial
dysfunction in the F2 generation. Cardiac mitochondrial dysfunction manifested in F1
adults, and maternal exposure to BaP was associated with altered behavioral and
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reproductive phenotypes. Further BaP-induced mitochondrial dysfunction persisted in
the F2 generation, two generations removed from the original exposure.
Finally, the third hypothesis was that F2 offspring with reduced metabolic
plasticity resulting from cross-generational BaP exposure would exhibit reduced
capacity to respond to a secondary stressor. F2 fish from the treatment groups exhibited
altered metabolic response to thermal stress and reduced thermal tolerance. Further
cross-generational history of exposure potentiated metabolic effects and necessitated
trade-offs in organisms under thermal stress even in the absence of effects at baseline
temperature.

5.2 Future Directions
While this work takes a step toward elucidating the role of mitochondria in the
multigenerational toxicity of PAHs, the mechanisms contributing to the altered
physiological processes warrant further characterization. Further the observed
complexity in responses— including inter-individual and inter-tissue variability, nonmonotonic responses, unique heritability patterns, latency of effects, and interactions
with secondary stressors— underscore the difficulty of studying environmental toxicant
induced mitochondrial dysfunction across generations. This work generates many
additional research questions that would be interesting to investigate, a few of which are
listed below.
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•

The observation that metabolic consequences of F0 BaP exposure were
more significant in the F2 generation than the F1 generation suggests that
the persistence of BaP-induced mitochondrial dysfunction should
continue to be investigated in generations subsequent to the F2
generation.

•

Converging evidence suggests a significant role of epigenetic
reprogramming in the cross-generational toxicity of PAHs (Corrales et al.
2014a; Fang et al. 2013; Fang et al. 2015; Herbstman et al. 2012; Knecht et
al. 2017; Lee et al. 2017; Miller et al. 2016; Tang et al. 2012). Future studies
should investigate the role of mitochondrial-epigenetic cross-talk in the
multigenerational toxicity of PAHs, as it remains unclear whether
mitochondrial dysfunction may be a result of or causative in observed
epigenetic effects (Weinhouse 2017).

•

The observed effects of maternal BaP exposure on mitochondrial DNA
integrity (i.e. increased mitochondrial DNA damage and reduced genome
content) create potential for mitochondrial mutations, which could
contribute to the cross-generational toxicity of PAHs. Characterization of
mitochondrial mutation rates may help explain some of the similarities
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observed between the manifestation of genetic mitochondrial disease and
consequences of prenatal PAH exposures from epidemiological studies.
•

The role of the aryl hydrocarbon receptor (AHR) pathway in the crossgenerational mitochondrial toxicity of PAHs should be evaluated. The
toxicities of many PAHs, including BaP, are mediated via metabolic
activation by the AHR pathway. AHR also plays an endogenous role in
mitochondrial function. AHR is localized to mitochondria where it is
thought to interact with ATP synthase. Exposure to AHR ligands results
in disassociation of the AHR:ATP5α1 resulting in hyperpolarization of
the mitochondrial membrane, which is hypothesized to maintain ATP
levels following a decrease in ATP synthase efficiency upon loss of AHR
interactions (Tappenden et al. 2011). Exposure to PAHs also affect
mitochondria’s role in apoptosis signaling (Matikainen et al. 2001).

•

While we observed that F2 organisms with a cross-generational history of
exposure were more susceptible to thermal stress, the effects of other
secondary or combinations of multiple stressors should be characterized,
with real world applicability in both human health and ecological
contexts (e.g. immune challenges, hypoxia, carbonate chemistry).
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•

Gene-environment interactions should be characterized to determine
whether individuals with high-risk genotypes (e.g. mutations in genes
controlling mitochondrial fission, fusion, mitophagy, etc.) are more
sensitive to environmental toxicant-induced cross-generational
mitochondrial impairment (Meyer et al. 2017).

•

While the use of relatively high concentrations of a single model PAH
(BaP) for the original F0 exposure allowed for establishment of proof of
principle, future studies should focus on increasing environmental
relevance by reducing exposure levels and using complex mixtures.

•

While zebrafish are a useful model for multigenerational studies as well
as mitochondrial endpoints, the applicability of these results to humans
are fundamentally limited by differences in early embryonic development
(e.g. in utero versus external). Future studies should characterize crossgenerational mitochondrial toxicity of PAHs in mammalian models

5.3 Broader Implications
Human and wildlife exposures to PAHs are ubiquitous. Understanding the
physiological processes underlying the multigenerational toxicity of PAHs will be
important for informing our knowledge of human disease pathologies and organismal
ecological fitness. Herein, we present evidence that mitochondrial dysfunction and
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oxidative stress contribute to the cross-generational toxicity of the model PAH
benzo(a)pyrene. To the best of our knowledge, this work represents the first
demonstration that environmental toxicant-induced mitochondrial dysfunction can have
persistent effects across at least two generations, suggesting multigenerational
reductions in disease risk and fitness can follow a single exposure event. Further, the
observation that individuals with a history of exposure to a ubiquitous environmental
contaminant are more susceptible to a secondary stressor suggests that legacy pollution
may reduce human and wildlife health in a world increasingly being impacted by
multiple anthropogenic and natural stressors.
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Appendix
Table 4: Concentrations of BaP measured in treated decapsulated brine shrimp (used
for exposures in Chapter 2) measured by gas chromatography-mass spectrometry (GCMS) in electron ionization mode using selected ion monitoring.
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A

F0 Heart
Basal Respiration

OCR (mg O2 h-1 g-1)

1.0
0.8
0.6

Mitochondrial

0.4

Non-Mitochondrial

0.2
0.0

0

12.5
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Exposure (µg/g food)
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0.5
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0
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Figure 32: Metabolic partitioning of respiration in heart tissue from F0 females
exposed to BaP (n=14-15). (A) Basal respiration. (B) Maximal respiration. No
significant effects of BaP treatment were detected (Two-way ANOVA with treatment
and tank factors followed by Fisher’s LSD; P < 0.05).
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Figure 33: Metabolic partitioning of basal respiration in tissues from F0
females exposed to BaP (n=14-15). (A) Brain tissue. (B) Liver tissue. No significant
effects of BaP treatment were detected. (Two-way ANOVA with maternal treatment
and tank factors followed by Fisher’s LSD; P < 0.05).
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Table 5: Concentrations of BaP measured in treated decapsulated brine shrimp
(used for exposures in Chapter 3) measured by gas chromatography-mass
spectrometry (GC-MS) in electron ionization mode using selected ion monitoring.

140

Table 6: Primers used for long- and short-amplicon QPCR assay for
mitochondrial DNA damage and copy number. ★ indicates previously optimized by
Gonzalez-Hunt et al. (2016), and ✪ indicates previously optimized by Hunter et al.
(2010).
Target
Amplicon
Long ★ ✪
(10.3 kb)
Mitochondrial
Short ★
(195 bp)
Mitochondrial
Short ★
(90 bp)
Nuclear

Primer Sequence
Forward

TTAAAGCCCGAATCCAGGTGAGC

Reverse

GAGATGTTCTCGGGTGTGGGATGG

Forward

CGTTTACCCCAGATGCACCT

Reverse

GTGCGATTGGTAGGGCGATA

Forward

TGGATACCTGACCGAGAGCT

Reverse

AGACAACTCTTACGGCTGGC
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Annealing
Temperature
(°C)

Cycle
Number

66

24

60

40

60

40
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