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Key points

® Crude oil is comprised of thousands of chemicals, among which polycyclic aromatic hydrocarbons represent the putative
principal components driving cardiotoxicity

® Narcosis, aryl hydrocarbon receptor (AhR) dependent and AhR independent pathways represent the three predominant
hypotheses for mechanisms of crude oil cardiotoxicity

® The cardiotoxic crude oil phenotype in early life stage fishes is characterized by a syndrome of morphological and functional
effects, with pericardial and yolk sac edema representing the most pronounced and commonly-reported form of injury

® Mounting functional and molecular analyses support targeted disruptions to excitation-contraction coupling as an
underlying mechanism of crude oil cardiotoxicity

® Implications of crude oil induced cardiac injury to swimming performance and thermal/hypoxia tolerances are also
addressed

Abstract

Crude oil spills in the aquatic environment, particularly large-scale disasters like the Deepwater Horizon and Exxon Valdez
events, pose significant threats to the health and survival of resident biota. Accumulating evidence supports the developing
heart as a primary target of crude oil toxicity in fishes. This chapter summarizes the predominant morphological, functional
and molecular alterations in fish arising from crude oil exposures, mainly during the early life stages, as well as the prevailing
hypotheses for the underlying mechanisms of cardiotoxicity. Implications of acute and chronic/latent cardiac effects in later
life stage fishes related to aerobic performance and thermal/hypoxia tolerances are also explored.
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Introduction

High demand for petroleum-based products continues to drive the exploration, extraction, transport and processing of crude oil
from the environment. Yet, encouraging historical trends have demonstrated persistent global declines in the number of oil spills
and overall volumes released (Eckle et al., 2012). While these declines have been driven mainly by reductions in tanker spills, pipe-
line and storage/refinery spills have increased, likely shifting greater threats to freshwater communities (Eckle et al., 2012). Despite
these generally positive trends, periodic catastrophic events, such as the Macondo well blowout that led to the Deepwater Horizon
(DWH) oil spill in 2010, can have devastating and long-lasting effects on resident biota (Barron et al., 2020). With respect to fishes,
as we will see, the early life stages (ELS) are typically the most sensitive to crude oil exposure. As described in greater detail later, the
phenotype of crude oil exposed ELS fishes is typically characterized by functional and morphological alterations related to the devel-
oping heart, including reduced heart rate (i.e., bradycardia), arrhythmias and pericardial and yolk sac edema. Moreover, the suite of
effects that contribute to the phenotype is consistently observed across geologically distinct sources of crude oil (Jung et al., 2013).
While these effects likely contribute to, if not outright cause, acute mortality at sufficiently high concentrations, more subtle cardiac
defects arising from lower concentrations may impart persistent or latent effects on later life stages. Considering the role of the heart
in sustaining ecologically important behaviors with high aerobic demand, such as migration, foraging and predator-prey interac-
tions, such subtle effects could lead to additional delayed mortalities as a result of reduced swimming capacity (Plaut, 2001). Addi-
tionally, it is reasonable to expect that crude oil induced cardiac impairments might also reduce fish thermal and hypoxia tolerances.

This chapter aims to summarize what is currently known regarding the cardiotoxic responses of fishes to crude oil exposure. To
set the stage, we begin with a description of crude oil constituents and weathering effects followed by an overview of the three main
hypotheses for describing the underlying mechanism(s) of cardiotoxicity. We then review the predominant morphological, func-
tional and molecular responses to crude oil exposure related to cardiotoxicity, focusing on ELS fishes. Where useful for providing
additional insight, studies of individual polycyclic aromatic hydrocarbons (PAHs) are included. We then conclude by examining the
potential implications of acute and chronic/latent sublethal cardiac effects in juvenile and adult fishes, specifically related to aerobic
swimming capacity and thermal/hypoxia tolerance. As will likely become apparent, difficulties in drawing comparisons and over-
arching conclusions arise due to inconsistencies in species and life stages used, as well as in specific methodological approaches,
such as exposure initiation and duration, oil type and weathering state, mixing methods, use of dispersants, and the constituent
chemicals/units used for characterizing exposures. Finally, while both biotic (e.g., competition, predation) and abiotic (e.g., temper-
ature, ultraviolet (UV) light) factors may dramatically influence crude oil toxicity, their specific mechanistic roles in mediating car-
diotoxic effects remain largely uncharacterized and thus will not be specifically addressed in this chapter.
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Crude oil composition

Crude oils are comprised of extremely complex mixtures of hundreds of thousands of chemicals, including both polar and nonpolar
compounds. While the specific identities of the vast majority of these chemicals remain unknown, the main classes of compounds
and many of their individual constituents have been at least broadly characterized. The main classes of constituents include the
linear/branched alkanes, cycloalkanes, monocyclic and polycyclic aromatic hydrocarbons (PAHs), heterocyclic compounds, asphal-
tenes and resins. Heterocyclics are similar in structure to PAHs but contain a heteroatom (any atom other than carbon or hydrogen)
in place of a carbon within the cyclic parent structure (Fig. 1). These are also commonly referred to as NSO compounds, owing to
the prevalence of nitrogen (e.g., carbazole), sulfur (e.g., dibenzothiophene), or oxygen (e.g., dibenzofuran) atoms serving in this
role. Although these fall under the more general category of polycyclic aromatic compounds (PACs), they are often included in
measurements of total PAHs; hence, we will maintain the typical standard within the ecotoxicology literature of including hetero-
cyclics as PAHs to avoid confusion. Again, however, most of the specific compounds in crude oil remain unidentified and this frac-
tion has historically been referred to simply as the unresolved complex mixture (UCM; although see Farrington and Quinn (2015)
for the origin and clarification on the use of this term). Finally, crude oils also contain trace metals such as iron, nickel and copper,
although the bioavailability and toxicity of such contaminants remain largely unknown.

With respect to crude oil exposures to fishes, most work has focused on PAHs as the likely main drivers of toxicity. These
compounds typically comprise only a relatively small fraction of crude oil (0.2 to >7%) (National Research Council Committee
on Oil in the Sea: Inputs, Fates, and Effects, 2003), as exemplified by the estimated 3.9% of PAHs by weight measured within
DWH crude oil (Reddy et al., 2012). PAHs are defined by having two or more fused benzene rings that can be modified by the addi-
tion of various moieties along the carbon backbone (Fig. 1). Common modifications to the parent PAH include alkylation and
addition of oxygen species (e.g., hydroxylation, quinone formation), each of which can have significant ramifications for the toxicity
of individual compounds (e.g., Rhodes et al., 2005). Unfortunately, current analytical techniques and equipment are unable to
routinely distinguish among many substituted homologs, for example those differing only by alkyl chain position, length or
branching, and thus precludes our ability to specifically define the modified constituents, their concentrations and relative propor-
tions within crude oil samples.

To complicate matters further, the chemical composition of crude oil can vary depending on its geological source and state of
weathering. For example, the physical and chemical characteristics of oils released during the Exxon Valdez oil spill (EVOS) and
DWH spill differ considerably, with the former considered a heavier, sour oil (due to a higher proportion of aromatic and
sulfur-rich compounds) and the latter a lighter, sweet oil. Weathering, on the other hand, is a complex process of oil transformation
involving dilution, evaporation of the lower molecular weight components, photo-oxidation and microbial degradation that alters
the chemical structure, concentration and relative proportion of crude oil constituents. Specifically, weathering causes the loss of the
volatile monocyclic compounds (benzene, toluene, ethylbenzene and xylenes (BTEX)) and bicyclic naphthalenes, thus concen-
trating the heavier molecular weight components that remain, including PAHs with >3 rings. Such differences in crude oil compo-
sition have important implications for toxicity, as will be addressed later. However, measuring the concentrations of individual
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Fig. 1 Example illustrations of polycyclic aromatic compound (PAC) constituents within crude oil. The first two columns provide examples of 2- to
5-ring polycyclic aromatic hydrocarbons (PAHs), including an example of a 4-carbon (C4) alkylated homolog of phenanthrene, retene. The third
column illustrates examples of heterocyclic PACs for each of the major heteroatoms (i.e., nitrogen, sulfur and oxygen; NSO compounds) and the
fourth column provides examples of phenanthrene moieties modified by the addition of oxygen. Such oxygenated products can arise from
photochemical oxidation, microbial transformation or endogenous Phase | metabolism of the parent PAH.
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BTEX and PAH constituents can impose significant financial burdens. Thus, there is a range of select PAHs that researchers choose to
measure, typically ranging from the USEPA’s 16 priority pollutant PAHs to the more expansive 40—50 PAHs commonly reported in
studies following the DWH spill (see for example Incardona et al., 2014). The individual PAH concentrations are simply added
together and reported in units of sum or total PAHs (i.e., SPAHs or tPAHs, respectively). Still others report measurements of total
petroleum hydrocarbons (TPH), which as the designation implies, considers hundreds of chemicals including alkanes and PAHs,
among others, but typically provides no information on individual constituents. Again, such inconsistencies in reporting exposure
concentrations present obvious challenges for cross-study comparisons.

Mechanisms of cardiotoxicity

From the outset, it should be noted that while great strides have been made in the field of crude oil ecotoxicology largely following
the EVOS and DWH events, much still remains to be learned regarding the mechanisms of toxicity resulting from crude oil expo-
sures to fishes, including that specifically related to the heart. Indeed, there remains considerable debate as to the likely primary
cause(s) of cardiotoxicity. The prevailing hypotheses are represented by a nonspecific narcosis-based model and two receptor-
based models, one that is mediated by the aryl hydrocarbon receptor (AhR) and another that acts independently of the AhR and
instead relies on cardiac ion channels as the proposed receptors (Fig. 2). This chapter will consider each of these in turn; however,
the focus will remain solely on summarizing the central tenets of each as there are other excellent recent reviews that highlight and
argue the key points of debate (see for example: Hodson, 2017; Incardona, 2017; Meador, 2021; Meador and Nahrgang, 2019).

Narcosis

The earliest school of thought contends that the toxicity of crude oil to aquatic organisms is mediated primarily through nonspecific
narcotic mechanisms, otherwise known as baseline toxicity. The basic premise is based on the target lipid model (TLM) of toxicity
that relates a chemical’s acute toxicity (as median lethal concentration (LC50)) to its respective octanol—water partition coefficient
(Kow), a unitless measure of a chemical’s lipid versus water solubility (values >1 indicate greater lipophilicity) (Di Toro and
McGrath, 2000). This approach was later applied to estimate the toxic potential (i.e., solubility to toxicity ratio) of complex oil water
mixtures (Di Toro et al., 2007) and assess the toxicity of select petroleum hydrocarbons (e.g., McGrath et al., 2018). Essentially, the
model proposes that organic molecules accumulate within biological lipids, most functionally important in terms of acute toxicity,
the lipid bilayer of cellular membranes (Fig. 2A). At sufficient concentrations, such chemicals are thought to negatively affect the
integrity and fluidity of these membranes, ultimately leading to widespread cell death and organismal mortality. The potential toxic
mechanism here is a disruption in ion homeostasis due to a nonspecific disruption of biological membranes that alters the function
of membrane-bound proteins, including ion channels (Sikkema et al., 1995). In terms of cardiotoxicity specifically, ionic imbal-
ances of this nature would obviously impair the normal contractile properties of the heart that rely on regulated ionic fluxes, mainly
those of Ca®*, K™ and Na™. The TLM predicts that low molecular weight PAHs and volatile BTEXs within crude oil are the more
harmful components in this regard (Di Toro et al., 2007), which as we will see is contrary to the receptor-based hypotheses of car-
diotoxicity that contend that higher molecular weight PAHs, particularly the tricyclic PAHs, are primarily responsible for cardiotox-
icity arising from crude oil exposure.

AhR dependent pathway

The AhR is a cytosolic ligand-activated transcription factor that regulates a rather large and diverse array of genes. The receptor is
activated by both synthetic and naturally occurring chemicals, although the search for an endogenous high-affinity ligand remains
elusive. Nevertheless, it is now widely thought to serve two general roles, one as a sensor of xenobiotic chemicals and another as
a contributor to the proper functioning of various organ systems by regulating different aspects of cell maintenance, differentiation,
proliferation and migration (Mulero-Navarro and Fernandez-Salguero, 2016). In its inactivated state, AhR is bound by a number of
chaperones, including AhR interacting protein (AIP) and a dimer of heat shock protein 90 (HSP90), along with other proteins that
aid in maintaining proper structure and preventing premature binding to its initial target, the AhR nuclear translocator (ARNT).
Once bound to a ligand, the AIP disassociates thereby exposing the nuclear localization sequence and facilitating translocation
to the nucleus where the ligand-bound AhR then dimerizes with the ARNT. This complex then binds DNA at xenobiotic response
elements (XRE) to activate transcription (Denison and Nagy, 2003). The transcription targets of this process include members of
a gene battery encoding Phase I and Phase II metabolic enzymes. Key among these are the cytochrome P450 (CYP) superfamily
of enzymes, most notably CYP1A which is involved in the Phase I conversion of highly hydrophobic xenobiotics (e.g., organochlo-
rines and PAHs) to more reactive metabolite intermediates. Phase II enzymes, such as glutathione S-transferase (GST), then add
hydrophilic moieties to enhance solubility of the metabolites and facilitate excretion through the urine or bile (Kohle and Bock,
2007).

While the formation of reactive metabolites from Phase I metabolism represents an important potential source of general
toxicity, it is the alteration in the expression of genes elicited by the AhR outside this gene battery of Phase I/Il enzymes that likely
explains at least a portion of the observed cardiac-specific toxicity of crude oil (Fig. 2B). For example, genes encoding the sarco-
plasmic reticulum calcium ATPase (SERCA) pump and the ryanodine receptor 2 (RyR) have been shown to be downregulated, likely
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Fig. 2 Graphical summary of the three main mechanistic hypotheses for crude oil induced cardiotoxicity in fishes. The narcosis model (A) proposes
that low molecular weight organic molecules, including polycyclic aromatic hydrocarbons (PAHs) and volatile BTEX (benzene, toluene, ethylbenzene
and xylenes) compounds accumulate within the lipid bilayer of cellular membranes, negatively impacting their integrity and fluidity in a non-specific
manner. As a result, the functions of membrane-bound proteins, including ion channels involved in cardiomyocyte contraction, are impaired,
ultimately leading to widespread cell death and organismal mortality. In the aryl hydrocarbon receptor (AhR) dependent pathway (B), higher
molecular weight PAHSs first bind with the intracellular AhR and the complex is then transported to the nucleus where it binds with the AhR nuclear
translocator (ARNT). This complex then binds DNA at xenobiotic response elements (XRE) to activate transcription of genes involved in xenobiotic
metabolism, such as cytochrome P450 (CYP1A) that may produce more toxic metabolites than the parent compound, or alter other gene expression
pathways (not shown) that downregulate genes involved in Ca* cycling (among others), namely the ryanodine receptor 2 (RyR) and the
sarcoplasmic reticulum calcium ATPase 2 (SERCA) pump (red arrows). Finally, in the AhR independent pathway (C) tricyclic PAHs directly block
Ca" influx (k) and K* efflux (k) involved in excitation-contraction coupling through inhibition of the L-type calcium channel (LTCC) and the ether-
a-go-go related gene (ERG), respectively (green arrows). Subsequent altered expression of various genes, such as ERG, RyR and sodium/calcium
exchanger 1 (NCX1), among others, may also contribute to this pathway through currently unknown mechanisms (red arrows). (B) and (C) Adapted
from (Incardona, 2017).
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due to prolonged AhR activation, in response to exposure to individual high molecular weight PAHs, including benz(a)anthracene
and benzo(a)pyrene (e.g., Jayasundara et al., 2015). Both of these targets (i.e., SERCA and RyR) are integral to proper calcium
cycling within cardiomyocytes and are thus critical for regulating sarcomere contractility. Moreover, bone morphometric protein
4 (BMP4), an important signal in early heart development, was also shown to decrease in expression in response to benzo(a)pyrene
exposure (Jayasundara et al., 2015).

It should be noted that while higher molecular weight PAHs such as those just described are potent AhR activators they also tend
to be poorly concentrated within crude oil exposures, often falling below detection limits. By contrast, the parent PAHs most abun-
dant in crude oil, such as naphthalenes and phenanthrenes, are weak AhR agonists (Barron et al., 2004). Interestingly, however, it
seems that the alkylated homologs of tricyclic PAHs, which are typically more abundant in crude oil than their parent compounds,
may serve as more potent AhR ligands than their parent counterparts and thus contribute more heavily to the AhR dependent
pathway. A notable caveat is that this proposition is based largely on studies of retene, a C4 alkylated form of phenanthrene
that is typically found at low concentrations in crude oil (Incardona, 2017); hence, a clearer determination as to the contribution
of alkylated tricyclics to the AhR dependent pathway warrants additional study with more representative alkylated homologs.

AhR independent pathway

Generally speaking, the AhR independent pathway of crude oil cardiotoxicity involves similar outcomes as the AhR dependent
pathway in terms of disrupted ion fluxes impacting myocyte contractility. The major differences between these two pathways are
the primary PAH compounds driving toxicity and the specific modes of action. As alluded to previously, the AhR dependent
pathway attributes toxicity to the higher molecular weight PAHs (>4 rings and potentially alkylated 3-ring compounds), whereas
the AhR independent pathway attributes toxicity to the parent 3-ring PAHs. While the supporting evidence will be presented in
greater detail in the sections that follow, the basic premise of the AhR independent pathway is that both Ca®" and K™ fluxes/intra-
cellular cycling are disrupted within cardiomyocytes by direct interactions between tricyclic PAHs and the channels/transporters for
these ionic species (Fig. 2C). Pioneering work in this area by Incardona and colleagues provided the initial evidence in support of
this pathway. Exposure of embryonic zebrafish (Danio rerio) to the 3-ring PAHs phenanthrene or dibenzothiophene produced
a phenotype of cardiac arrhythmias characterized by blocked atrioventricular conduction. This was identical to the phenotype
produced by loss-of-function mutants or pharmacological blockade of the ether-a-go-go related gene (ERG) that encodes a K*
channel involved in the propagation of cardiac action potentials. Notably, the effect was exacerbated by knockdown of AhR iso-
forms or CYP1A, supporting an AhR-independent mechanism of toxicity (Incardona et al., 2005). Subsequent altered expression
of these ionoregulatory genes and others through currently unknown mechanisms may also contribute to this AhR independent
pathway (Incardona, 2017).

More recently, additional functional and molecular evidence has emerged supporting alterations to proper excitation—
contraction (EC) coupling in developing cardiomyocytes as a likely mechanism for crude-oil induced cardiotoxicity. Here again
the SERCA pump and RyR are believed to play key roles in altered Ca”>" cycling in addition to ERG and its function in cellular
K* flux. The process of EC coupling by myocytes is initiated by an action potential generated by the opening of voltage-gated
Na' channels. Subsequently, L-type Ca®* channels (LTCC) open to permit extracellular Ca®" to enter, followed by an internal
release of Ca’* from the sarcoplasmic reticulum (SR) via the RyR. The resultant transient increase in cytosolic Ca>* promotes
the uncovering of tropomyosin-blocked myosin binding sites along the actin filaments within sarcomeres, thereby activating car-
diomyocyte contraction. During the relaxation phase, intracellular Ca®" ions are restored to baseline by returning Ca>* to the
SR via SERCA and exporting Ca’" from the cell by way of the sodium/calcium exchanger 1 (NCX1). To restore the membrane poten-
tial for the next cycle, K* exits the cell through voltage-gated channels, such as ERG. Although direct interaction of PAHs with these
molecular targets is still awaiting confirmation, recent electrophysiological studies provide strong evidence in support of tricyclic
PAHs impairing the function of those specifically involved in Ca®* and K* cycling, namely SERCA2, RyR2 and ERG (see Functional
effects below).

Morphological effects

Considering the overt teratogenic effects that were largely the focus of early studies following the EVOS, and more recently following
the DWH spill, a summary of morphological effects is provided first. By far, most of these studies center on effects during the ELSs as
they tend to be the most sensitive life stages to toxicant exposure (Table 1). The characteristic cardiotoxic phenotype is represented
by a suite of gross morphological defects defined by various alterations to normal heart development (described in more detail
below), pericardial and yolk sac edema, various fin and craniofacial malformations and distortion of the body axis (spinal curva-
ture), with pericardial and yolk sac edema representing the most pronounced and commonly-reported form of injury (Fig. 3). The
suite of effects is similar to that produced by exposure to dioxins and polychlorinated biphenyls (PCBs), which led to the term “blue
sac disease” (BSD; sometimes also referred to in the oil/PAH literature) owing to the opalescent appearance of yolk sacs in exposed
salmonid larvae (e.g., Spitsbergen et al., 1991). In terms of the heart itself, it is useful to first review what is known regarding the
process of normal cardiac development before detailing alterations due to crude oil exposure. To be concise, only those develop-
mental steps with clear and direct links to cardiotoxicity will be explored.
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Table 1 Summary of morphological effects of crude oil exposure in fish.

oil
Life stage/ exposure Lowest effect No effect
age at duration  Process impacted  Direction of concentration concentration

Species 0Oil type measurement Temp (°C) (Days)  or endpoint change (ug/L) (ug/L) References Notes

Inland Silverside DWH/leaking well riser WAF/CEWAF Embryo/ 21 3 Morphological I 0il/9500 = 44.18; 0il = 24.08 Adeyemo  Included: head
(Menidia by BP Larva abnormalities 0il/9527 = 217.26 > PAH47 et al. malformation,
beryllina) >"PAH47 (2015) pericardial edema

and curvature of
body

Corexit 9500 &
9527 added to oil
preparations

Atlantic Cod Troll field in the North Heated and HPLC Embryo/ 7 3 Craniofacial i 50 > PAHg1 13 > PAHg4 Aranguren- Significant effects
(Gadus morhua) ~ Sea crude oil Larva malformations; Abadia on spinal

spinal curvature et al. curvature with UV
(2022) co-exposure only

Atlantic Cod Troll field in the North Heated and HPLC Embryo/ 7 3 Ventricle diastolic | Ventricle D area- 200; Ventricle D Aranguren- Ventricle D area

(Gadus morhua)  Sea crude oil Larva (D) area; Ventricle Ventricle S area- 3 area- 50 Abadia intensified with
systolic (S) area > PAHg1 > PAHg1 et al. UV co-exposure
(2022)

Atlantic Cod Troll field in the North Heated and HPLC Embryo/ 7 3 Fractional l FS-3 _ Aranguren- FS intensified with

(Gadus morhua)  Sea crude oil Larva Shortening (FS) > PAHg1 Abadia UV co-exposure
et al.
(2022)

Japanese Medaka Pyrene and Embryo/ 26 8 Developmental il _ _ Barjhoux  Abnormalities

(Oryzias latipes) ~ methylpyrene Larva abnormalities etal. included cardio-
(2014) vascular, spinal,
craniofacial, and
pericardial edema

Zebrafish Retene Diluted in water  Embryo/ 27 14 Pericardial edema 1 EC50 = _ Billiard
(Danio rerio) Larva 144 hpf- 554; etal.

240 hpf- 445 (1999)

Rainbow Retene Diluted in water ~ Embryo/ 7-11 42 Pericardial edema 1 180 100 Billiard Measured at 14
Trout Larva et al. dph
(Oncorhynchus (1999)
mykiss)

Pacific herring AW ANSCO Embryo/ 4—7 16 Pericardial edema 1 LWO = 34.4; _ Carls et al. LWO = less
(Clupea pallasii) Larva MWO = 0.72 (1999) weathered oil;

EC50 = 3.53 MWO = more
ppb > PAH41 weathered oil

(Continued)
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Table 1 Summary of morphological effects of crude oil exposure in fish.—cont'd
oil
Life stage/ exposure Lowest effect No effect
age at duration  Process impacted  Direction of concentration concentration
Species Oil type Oil prep measurement Temp (°C) (Days)  or endpoint change (ug/l) (ug/l) References Notes
Pacific herring AW ANSCO Oiled gravel Embryo/ 4—7 16 Craniofacial il MWO = 0.72 _ Carls et al. LWO = less
(Clupea pallasii) Larva malformations EC50 = 0.33 (1999) weathered oil;
ppb > PAH4 MWO = more
weathered oil
Pacific herring AW ANSCO Oiled gravel Embryo/ 4—7 16 Spinal il LWO = 34.3 _ Carls et al. LWO = less
(Clupea pallasii) Larva abnormalities EC50 = 33.5; (1999) weathered oil;
MWO = 0.72 MWO = more
EC50 = 3.6 weathered oil
ppb > PAH4
Pacific herring AW ANSCO QOiled gravel Embryo/ 4—7 16 Finfold i MWO = 0.72 _ Carls et al. LWO = less
(Clupea pallasii) Larva abnormalities EC50 = 0.36 (1999) weathered oil;
ppb >"PAH4 MWO = more
weathered oil
Atlantic Killifish ~ Benzo[k]fluoranthene DMSO solutions Embryo/ 27 5 Cardiac i BKF- 300; _ Clark et al. Cardiac deformities
(Fundulus (BKF), Larva teratogenesis PCB-126-1; (2014) increased from
heteroclitus) 3,344 5- F1-20 embryos in
pentachlorobiphenyl references sites.
(PCB-126), or Embryos from
a mixture of BkF and adults from
fluoranthene (FI) contaminated
sites were highly
resistant.
Atlantic Killifish ~ ANSCO and Mesa QOiled sand Embryo/ 225 11 Spinal deformities; 1 _ _ Couillard ~ 50% dilution of
(Fundulus Light Crude Oil Larva pericardial edema (2002) both oils caused
heteroclitus) (MLCO) significant spinal
deformities
35% MLCO and
50% ANSCO
dilutions caused
significant
pericardial edema
ANSCO- 36.3;
MLCO- 35.9 ug
oil/g sand
Zebrafish (Danio  Phenanthrene Dissolved in Embryo/ 28 2—-3 Edema i 1000 100 Cypher Phenanthrene
rerio) DMSO Larva etal. exposed only
(2017)
Zebrafish (Danio  DWH/Source Qil B WAF Embryo/ 28.5 <5 Cardiac edema; il _ _ de Soysa
rerio) Larva intracranial etal.
hemorrhage (2012)
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Mahi Mahi
(Coryphaena
hippurus)

Mahi Mahi
(Coryphaena
hippurus)

Mahi Mahi
(Coryphaena
hippurus)

Mahi Mahi
(Coryphaena
hippurus)

Mahi Mahi
(Coryphaena
hippurus)

Pink Salmon
(Oncorhynchus
gorbuscha)

DWH/Source; AW
Source; Slick A

DWH/Source; AW
Source

DWH/Source; AW
Source; Slick A

DWH/AW Source

DWH/Source; AW
Source; Slick A

ANSCO

HEWAF/CEWAF

HEWAF

HEWAF

HEWAF

HEWAF

QOiled-gravel
effluent

Larva

Larva

Larva

Larva

Larva

Embryo/
Larva

26

26

26

26

26

2

50

Percent edema

Edema area

Abnormalities in
body axis or
finfolds

Cranial
malformations or
reduction in eye
growth

Incidence of
pericardial edema
ECso

Cardiac
development

No change

No change

1

Altered

HEWAF-Source = 2;

AW Source = 2;

Slick A=1.5
CEWAF-AW Source = 6.8
> PAHz0

HEWAF-Source = 4.6;
AW Source = 3

>~ PAHso

HEWAF-Source = 7.3;

AW Source = 5.7;
Slick A=5.1

CEWAF-Source = 11.5;

AW Source = 11.3;
Slick A =13

S PAHs

HEWAF-

Source = 20.3;
AW

Source = 14.6;

Slick A=5.1
CEWAF-

Source = 8.5;
AW

Source = 10.5;

Slick A=16.4
> _PAH4o
HEWAF-AW

Source = 14.6
> PAH4o

Edmunds

et al.
(2015)

Edmunds

et al.
(2015)

Edmunds

et al.
(2015)

Edmunds

et al.
(2015)

Esbaugh
et al.
(2016)

Gardner
et al.
(2019)

Exposed to oil as
embryos and
raised in clean
water

Cardiac ventricles
showed altered
shape, thinner
compact
myocardium and
hypertrophy of
the spongy
myocardium
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Table 1 Summary of morphological effects of crud