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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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Teaching slide

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 andmorphological 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

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 I 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 40e50 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 octanolewater 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 Ca2þ, Kþ and Naþ. 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 (Köhle 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/II 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 PAHs 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 Ca2þ 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
Ca2þ influx (ICa) and Kþ efflux (IKr) 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 Ca2þ and Kþ

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 Kþ

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 excitatione
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 Ca2þ cycling in addition to ERG and its function in cellular
Kþ

flux. The process of EC coupling by myocytes is initiated by an action potential generated by the opening of voltage-gated
Naþ channels. Subsequently, L-type Ca2þ channels (LTCC) open to permit extracellular Ca2þ to enter, followed by an internal
release of Ca2þ from the sarcoplasmic reticulum (SR) via the RyR. The resultant transient increase in cytosolic Ca2þ 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 Ca2þ ions are restored to baseline by returning Ca2þ to the
SR via SERCA and exporting Ca2þ from the cell by way of the sodium/calcium exchanger 1 (NCX1). To restore the membrane poten-
tial for the next cycle, Kþ 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 Ca2þ and Kþ 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, andmore 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.

Species Oil type Oil prep

Life stage/

age at

measurement Temp (�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Inland Silverside
(Menidia
beryllina)

DWH/leaking well riser
by BP

WAF/CEWAF Embryo/
Larva

21 3 Morphological
abnormalities

[ Oil/9500 ¼ 44.18;
Oil/9527 ¼ 217.26P
PAH47

Oil ¼ 24.08
P

PAH47

Adeyemo
et al.
(2015)

Included: head
malformation,
pericardial edema
and curvature of
body

Corexit 9500 &
9527 added to oil
preparations

Atlantic Cod
(Gadus morhua)

Troll field in the North
Sea crude oil

Heated and HPLC
pumped

Embryo/
Larva

7 3 Craniofacial
malformations;
spinal curvature

[ 50
P

PAH61 13
P

PAH61 Aranguren-
Abadía
et al.
(2022)

Significant effects
on spinal
curvature with UV
co-exposure only

Atlantic Cod
(Gadus morhua)

Troll field in the North
Sea crude oil

Heated and HPLC
pumped

Embryo/
Larva

7 3 Ventricle diastolic
(D) area; Ventricle
systolic (S) area

Y Ventricle D area- 200;
Ventricle S area- 3P
PAH61

Ventricle D
area- 50P
PAH61

Aranguren-
Abadía
et al.
(2022)

Ventricle D area
intensified with
UV co-exposure

Atlantic Cod
(Gadus morhua)

Troll field in the North
Sea crude oil

Heated and HPLC
pumped

Embryo/
Larva

7 3 Fractional
Shortening (FS)

Y FS- 3P
PAH61

e Aranguren-
Abadía
et al.
(2022)

FS intensified with
UV co-exposure

Japanese Medaka
(Oryzias latipes)

Pyrene and
methylpyrene

Sediment
exposures

Embryo/
Larva

26 8 Developmental
abnormalities

[ e e Barjhoux
et al.
(2014)

Abnormalities
included cardio-
vascular, spinal,
craniofacial, and
pericardial edema

Zebrafish
(Danio rerio)

Retene Diluted in water Embryo/
Larva

27 14 Pericardial edema [ EC50 ¼
144 hpf- 554;
240 hpf- 445

e Billiard
et al.
(1999)

Rainbow
Trout
(Oncorhynchus
mykiss)

Retene Diluted in water Embryo/
Larva

7e11 42 Pericardial edema [ 180 100 Billiard
et al.
(1999)

Measured at 14
dph

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled gravel Embryo/
Larva

4e7 16 Pericardial edema [ LWO ¼ 34.4;
MWO ¼ 0.72
EC50 ¼ 3.53
ppb

P
PAH41

e Carls et al.
(1999)

LWO ¼ less
weathered oil;

MWO ¼ more
weathered oil
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Table 1 Summary of morphological effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement Temp (�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled gravel Embryo/
Larva

4e7 16 Craniofacial
malformations

[ MWO ¼ 0.72
EC50 ¼ 0.33
ppb

P
PAH41

e Carls et al.
(1999)

LWO ¼ less
weathered oil;

MWO ¼ more
weathered oil

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled gravel Embryo/
Larva

4e7 16 Spinal
abnormalities

[ LWO ¼ 34.3
EC50 ¼ 33.5;
MWO ¼ 0.72
EC50 ¼ 3.6
ppb

P
PAH41

e Carls et al.
(1999)

LWO ¼ less
weathered oil;

MWO ¼ more
weathered oil

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled gravel Embryo/
Larva

4e7 16 Finfold
abnormalities

[ MWO ¼ 0.72
EC50 ¼ 0.36
ppb

P
PAH41

e Carls et al.
(1999)

LWO ¼ less
weathered oil;

MWO ¼ more
weathered oil

Atlantic Killifish
(Fundulus
heteroclitus)

Benzo[k]fluoranthene
(BkF),

3,30,4,40,5-
pentachlorobiphenyl
(PCB-126), or
a mixture of BkF and
fluoranthene (Fl)

DMSO solutions Embryo/
Larva

27 5 Cardiac
teratogenesis

[ BkF- 300;
PCB-126-1;
F1-20

e Clark et al.
(2014)

Cardiac deformities
increased from
embryos in
references sites.
Embryos from
adults from
contaminated
sites were highly
resistant.

Atlantic Killifish
(Fundulus
heteroclitus)

ANSCO and Mesa
Light Crude Oil
(MLCO)

Oiled sand Embryo/
Larva

22.5 11 Spinal deformities;
pericardial edema

[ e e Couillard
(2002)

50% dilution of
both oils caused
significant spinal
deformities

35% MLCO and
50% ANSCO
dilutions caused
significant
pericardial edema

ANSCO- 36.3;
MLCO- 35.9 mg
oil/g sand

Zebrafish (Danio
rerio)

Phenanthrene Dissolved in
DMSO

Embryo/
Larva

28 2e3 Edema [ 1000 100 Cypher
et al.
(2017)

Phenanthrene
exposed only

Zebrafish (Danio
rerio)

DWH/Source Oil B WAF Embryo/
Larva

28.5 <5 Cardiac edema;
intracranial
hemorrhage

[ e e de Soysa
et al.
(2012)

728
C
rude

oil-induced
cardiotoxicity

in
fi
shes

E
n
cy
clo

p
ed
ia

o
f
F
ish

P
h
y
sio

lo
g
y,

S
eco

n
d
E
d
itio

n
,
2
0
2
4
,
7
2
1e

7
5
4

Author's personal copy



Mahi Mahi
(Coryphaena
hippurus)

DWH/Source; AW
Source; Slick A

HEWAF/CEWAF Larva 26 2 Percent edema [ HEWAF-Source ¼ 2;
AW Source ¼ 2;
Slick A ¼ 1.5
CEWAF-AW Source ¼ 6.8
P

PAH50

e Edmunds
et al.
(2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source; AW
Source

HEWAF Larva 26 2 Edema area [ HEWAF-Source ¼ 4.6;
AW Source ¼ 3P

PAH50

e Edmunds
et al.
(2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source; AW
Source; Slick A

HEWAF Larva 26 2 Abnormalities in
body axis or
finfolds

No change e HEWAF-
Source ¼ 20.3;

AW
Source ¼ 14.6;
Slick A ¼ 5.1

CEWAF-
Source ¼ 8.5;

AW
Source ¼ 10.5;
Slick A ¼ 16.4P
PAH40

Edmunds
et al.
(2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/AW Source HEWAF Larva 26 2 Cranial
malformations or
reduction in eye
growth

No change e HEWAF-AW
Source ¼ 14.6P
PAH40

Edmunds
et al.
(2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source; AW
Source; Slick A

HEWAF Larva 26 2 Incidence of
pericardial edema
EC50

[ HEWAF-Source ¼ 7.3;
AW Source ¼ 5.7;
Slick A ¼ 5.1

CEWAF-Source ¼ 11.5;
AW Source ¼ 11.3;
Slick A ¼ 13P
PAH50

e Esbaugh
et al.
(2016)

Pink Salmon
(Oncorhynchus
gorbuscha)

ANSCO Oiled-gravel
effluent

Embryo/
Larva

9 50 Cardiac
development

Altered e e 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 crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement Temp (�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS CEWAF Embryo/
Larva

25 2 Pericardial edema No change e e Greer et al.
(2019)

Molecular
alterations related
to cardiotoxicity
in the absence of
phenotypic
differences in
cardiac

performance
Cod (Gadus
morhua)

Troll oil LEWAF Embryo/
Larva

6 4 Pericardial edema;
craniofacial
deformities; jaw
deformities

[ e e Hansen
et al.
(2018)

WAFs biodegraded
for varying
durations. Larvae
measured at 3
and 5 dph

Pacific herring
(Clupea pallasii)

Stormwater runoff Diluted with
dechlorinated
municipal water

Embryo/
Larva

10e12 6 Ventricular
ballooning; AV
angle; end-
systolic ventricle
area

Y e e Harding
et al.
(2020)

Doses- 50%, 25%,
12.5% and 0%
runoff

Pacific herring
(Clupea
pallasii)

Stormwater runoff Diluted with
dechlorinated
municipal water

Embryo/
Larva

10e12 6 Atrium area;
looping defects

[ e e Harding
et al.
(2020)

Doses- 50%, 25%,
12.5% and 0%
runoff

Zebrafish
(Danio rerio)

ANSCO Weathered and
oiled gravel

Embryo/
Larva

28.5 2 Pericardial edema [ 60 ppb
P

PAH44 e Hicken
et al.
(2011)

Zebrafish
(Danio rerio)

ANSCO Weathered and
oiled gravel

Embryo/
Larva

28.5 2 Ventricular shape-
length to width
ratio

Y 24e36 ppb
P

PAH44 e Hicken
et al.
(2011)

Measured in adults
exposed as
embryos and
raised in clean
water

Zebrafish
(Danio rerio)

DWH/Slick; Source HEWAF Embryo/
Larva

28.5 1 or 2 Pericardial edema [ 1 Day- Source ¼ 170
Slick ¼ 34
2 Days- Source ¼ 390
Slick ¼ 84P

PAC40

e Incardona
et al.
(2013)

Zebrafish
(Danio rerio)

DWH/Slick; Source HEWAF Embryo/
Larva

28.5 2 Intracranial
hemorrhage

[ e e Incardona
et al.
(2013)

Statistical analysis
not applied

Zebrafish (Danio
rerio)

DWH/Slick; Source HEWAF Embryo/
Larva and
Juvenile

28.5 3 Finfold defects [ Source ¼ 100 ppm Source ¼ 33 ppm Incardona
et al.
(2013)

Measured in ppm
and not reported
in

P
PAC
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BluefinTuna
(Thunnus
thynnus)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Morphological
abnormalities

[ 8.5
P

PAH40 e Incardona
et al.
(2014)

Abnormalities
included finfold
defects, finfold
blisters, upward
curvature of body
and reduction in
eye growth

BluefinTuna
(Thunnus
thynnus)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Edema (EC50) [ 0.8
P

PAH40 Threshold- 0.3
e0.6

P
PAH40

Incardona
et al.
(2014)

Yellowfin Tuna
(Thunnus
albacares)

DWH/Slick A HEWAF Embryo/
Larva

27 2e3 Morphological
abnormalities

[ 3.4
P

PAH40 e Incardona
et al.
(2014)

Abnormalities
included finfold
defects, finfold
blisters, upward
curvature of body
and reduction in
eye growth

Yellowfin Tuna
(Thunnus
albacares)

DWH/Slick A HEWAF Embryo/
Larva

27 2e3 Edema (EC50) [ 2.3
P

PAH40 Threshold- 0.5
e1.3

P
PAH40

Incardona
et al.
(2014)

Amberjack
(Seriola dumerili)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Morphological
abnormalities

[ 13.8
P

PAH40 e Incardona
et al.
(2014)

Abnormalities
included finfold
defects, finfold
blisters, upward
curvature of body
and reduction in
eye growth

Amberjack
(Seriola dumerili)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Edema (EC50) [ 12.4
P

PAH40 Threshold- 1.0
e6.0

P
PAH40

Incardona
et al.
(2014)

Pacific herring
(Clupea pallasii)

ANSCO Oiled-gravel
effluent

Embryo/
Larva

9 8 Pericardial edema [ e e Incardona
et al.
(2015)

Morphological
defects were
assessed in
herring embryos
on day of transfer

Pacific herring
(Clupea pallasii)

ANSCO Oiled-gravel
effluent

Juvenile 9 8 Ventricle aspect
ratio

[ e e Incardona
et al.
(2015)

Assessed in
juveniles after
transfer to clean
water

Pacific herring
(Clupea pallasii)

ANSCO Oiled-gravel
effluent

Juvenile 9 8 Outflow tract angle Y e e Incardona
et al.
(2015)

Assessed in
juveniles after
transfer to clean
water
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Table 1 Summary of morphological effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement Temp (�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Pink Salmon
(Oncorhynchus
gorbuscha)

ANSCO Oiled-gravel
effluent

Embryo/
Larva

9 50 Pericardial edema;
yolk sac edema;
hemorrhage

[ e e Incardona
et al.
(2015)

Morphological
defects were
assessed in
hatched pink
salmon alevins on
day of transfer

Pink Salmon
(Oncorhynchus
gorbuscha)

ANSCO Oiled-gravel
effluent

Juvenile 9 50 Ventricle aspect
ratio

[ 12 mg/g tissue
P

PAH41 6 mg/g tissueP
PAH41

Incardona
et al.
(2015)

Assessed in
juveniles after
transfer to clean
water

Pink Salmon
(Oncorhynchus
gorbuscha)

ANSCO Oiled-gravel
effluent

Juvenile 9 50 Outflow tract Y e 9.8 Incardona
et al.
(2015)

Assessed in
juveniles after
transfer to clean
water

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled-gravel
effluent

Embryo/
Larva

10 10 Ventricle posterior
growth

Y 64 ng/g
P

PAC42 10 ng/g
P

PAC42 Incardona
et al.
(2021)

Known as
ventricular
ballooning

IC50 of SPAC
87 ng/g

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled-gravel
effluent

Embryo/
Larva

10 10 Abnormal
trabeculation

[ 140 ng/g
P

PAC42 64 ng/g
P

PAC42 Incardona
et al.
(2021)

Formation of the
finger-like
projections of
interior spongy
myocardium

Pacific herring
(Clupea pallasii)

AW ANSCO Oiled-gravel
effluent

Juvenile 10 10 Hypertrophy of
spongy
myocardium

[ 64 ng/g
P

PAC42 e Incardona
et al.
(2021)

At 125 dpf, the only
surviving herring
belonged to the
control and
64 ng/g dose
groups

Zebrafish
(Danio rerio)

IHCO and ANSCO HEWAF and oiled
gravel

Embryo/
Larva

28 2e3 Pericardial edema
and intracranial
hemorrhage

[ IHCO- 158;
ANSCO- 287P

PAH38

e Jung et al.
(2013)

High frequency of
edema also
present in oiled
gravel exposures

Zebrafish
(Danio rerio)

IHCO and ANSCO HEWAF Embryo/
Larva

28 2 Poor looping [ IHCO- 284;
ANSCO- 383P

PAH38

e Jung et al.
(2013)

Zebrafish
(Danio rerio)

IHCO and ANSCO HEWAF Embryo/
Larva

28 2 Ventricular
diastolic diameter

Y IHCO- 284;
ANSCO- 383P

PAH38

e Jung et al.
(2013)
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Sea Bass
(Lateolabrax
maculates)

IHCO Fresh (FIHCO) and
evaporated
(EIHCO) treated
gravel

Embryo/
Larva

16 2 Pericardial edema;
fin defects; spinal
curvature

[ FIHCO (Initial)-716 & (Final)- 182
EIHCO-(Initial)-651& (Final)-
250 ng/L

P
PAH16

e Jung et al.
(2015)

Edema also present
after 24 h
exposure

Olive Flounder
(Paralichthys
olivaceus)

IHCO Fresh (FIHCO) and
evaporated
(EIHCO) treated
gravel

Embryo/
Larva

16 2 Pericardial edema;
fin defects; spinal
curvature

[ FIHCO (Initial)-716 & (Final)- 182
EIHCO-(Initial)-651& (Final)-
250 ng/L

P
PAH16

e Jung et al.
(2015)

Edema also present
after 24 h
exposure

Red Drum
(Sciaenops
ocellatus)

DWH/OFS HEWAF Embryo/
Larva

25 2 Pericardial edema [ 1.8
P

PAH50 1.4
P

PAH50 Khursigara
et al.
(2017)

EC50 ¼ 2.4
(2.1e2.7)

Red Drum
(Sciaenops
ocellatus)

DWH/OFS HEWAF Embryo/
Larva

25 2 Craniofacial
deformities

[ 2.2
P

PAH50 1.8
P

PAH50 Khursigara
et al.
(2017)

EC50 ¼ 2.2
(1.9e2.6)

Polar cod
(Boreogadus
saida)

ANSCO Artificially
weathered by
distillation

Larva 2 3 Pericardial edema;
craniofacial
malformations

[ 0.65e1.1
P

PAH42 e Laurel et al.
(2019)

Embryos
transferred to
clean SW after
exposure

Sea Ruffe
(Sebastiscus
marmoratus)

Benzo[a]pyrene (BaP),
pyrene (Py) or
phenanthrene (Phe)

DMSO solutions Embryo/
Larva

18 8 Pericardial edema [ BaP- 0.01
Py- 1

Py- 0.1
Phe- 1

Li et al.
(2011)

Sea Ruffe
(Sebastiscus
marmoratus)

Benzo[a]pyrene (BaP),
pyrene (Py) or
phenanthrene (Phe)

DMSO solutions Embryo/
Larva

18 8 Abnormal dorsal
curvature

[ BaP- 0.01
Py- 0.1
Phe- 1

BaP- 0.01
Py- 0.01
Phe- 0.1

Li et al.
(2011)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Slick A HEWAF Embryo/
Larva

27 2 Pericardial edema [ 1.2
P

PAH50 e Mager et al.
(2014)

Zebrafish (Danio
rerio)

DWH HEWAF Embryo/
Larva

28 �3 Pericardial area No change e e Magnuson
et al.
(2020)

Pink Salmon
(Oncorhynchus
gorbuscha)

Exxon Valdez Prudhoe
Bay oil

Artificially
weathered and
applied to gravel

Embryo/
Larva

9 209 Yolk sac area [ 622 mg oil/g gravel
P

PAH40 55.2 mg oil/g
gravel

P
PAH40

Marty et al.
(1997a)

Pink Salmon
(Oncorhynchus
gorbuscha)

Exxon Valdez Prudhoe
Bay oil

Artificially
weathered and
applied to gravel

Embryo/
Larva

9 209 Ascites [ 622 mg oil/g gravel
P

PAH40 55.2 mg oil/g
gravel

P
PAH40

Marty et al.
(1997a)

Pacific herring
(Clupea pallasii)

Exxon Valdez Prudhoe
Bay oil

OWD Embryo/
Larva

e 14e20 Ascites [ 0.48 mg/L 0.24 mg/L Marty et al.
(1997b)

Pacific herring
(Clupea pallasii)

Exxon Valdez Prudhoe
Bay oil

Environmental
Exposure

Embryo/
Larva

e e Ascites and
pericardial edema

[ e e Marty et al.
(1997b)
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Table 1 Summary of morphological effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement Temp (�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Atlantic Herring
(Clupea
harengus)

Medium South
American crude oil

CEWAF Embryo/
Larva

9 1 Blue sac disease [ EC/LC50- 8.5 mg/L
P

PAH52

e McIntosh
et al.
(2010)

Rating system for
BSD included
yolk sac edemas,
spinal curvature,
swimming ability,
craniofacial
malformation,
and fin rot

Age of embryos
negatively
correlated with
sensitivity to oil

Red Drum
(Sciaenops
ocellatus)

DWH HEWAF/LEWAF Embryo/
Larva

28 1.5 Pericardial Area [ Slick A HEWAF- IC20- 35;
IC50- >31.5

Slick B HEWAF- IC20- 35.3;
IC50- 53.7

Slick A LEWAF- IC20- 6.7;
IC50- 9.6

Slick B LEWAF- IC20- 16.2;
IC50- >14.8

P
PAH50

e Morris
et al.
(2018)

Red Drum
(Sciaenops
ocellatus)

DWH HEWAF/LEWAF Embryo/
Larva

28 1.5 AV angle [ Slick A HEWAF- IC20- 26.6;
IC50- >31.5

Slick B HEWAF- IC20- 28.5;
IC50- >51.8

Slick A LEWAF- IC20-8.9;
IC50- 18.1

Slick B LEWAF- IC20- 18.5;
IC50- >14.8P
PAH50

Morris
et al.
(2018)

Japanese Medaka
(Oryzias latipes)

Elizabeth River
sediment extract

Sediment
exposure

Embryo/
Larva

27 13 Pericardial edema [ 50.45
P

PAH36 e Mu et al.
(2017)

Fathead Minnow
(Pimephales
promelas)

Snow contaminated by
oil sands

Meltwater Embryo/
Larva

25 12e21 Pericardial edema;
craniofacial
malformations;
spinal curvature;
hemorrhages

[ e e Parrott
et al.
(2018)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Pericardial and yolk
sac edema

[ 26�- 44.1
P

PAH50 26�- 18.2
P

PAH50

Pasparakis
et al.
(2016)30�- 14.9

P
PAH50 30�- NA
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Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Edema area [ 26�- 12.4
P

PAH50 26�- 7.4
P

PAH50 Perrichon
et al.
(2018)

OFS/HEWAF
30�- 14.9

P
PAH50 30�- 7.8

P
PAH50

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Occurrence of
intrapericardial
hematomas

[ 26�- 44.1
P

PAH50 26�- NA Perrichon
et al.
(2018)

26�- Control- 6%;
Oil Exposed- 49%

30�- 26.6
P

PAH50 30�- NA 30�- Control- 0%;
Oil Exposed- 32%

Crimson-spotted
Rainbowfish
(Melanotaenia
fluviatilis)

Bass Strait crude oil CEWAF Embryo/
Larva

24e25 4 Pericardial edema [ 0.9 mg/L TPH 0.5 mg/L TPH Pollino and
Holdway
(2002)

Crimson-spotted
Rainbowfish
(Melanotaenia
fluviatilis)

Bass Strait crude oil CEWAF Embryo/
Larva

24e25 4 Jaw abnormality [ 1.9 mg/L TPH 0.9 mg/L TPH Pollino and
Holdway
(2002)

Zebrafish (Danio
rerio)

DWH/Sediment from
Barataria Bay

Sediment
Exposures

Embryo/
Larva

26 4 Edema;
musculoskeletal
abnormalities;

[ 61 mg tPAH/kg 22 mg tPAH/kg Raimondo
et al.
(2014)

Measured in mg
tPAH/kg

Japanese Medaka
(Oryzias latipes)

Dibenzothiophene
(DBT), phenanthrene
and benz[a]
anthracene and their
dimethylated
congeners

DMSO solutions Embryo/
Larva

24 18 Pericardial edema [ DBT- 200 DBT- 100 Rhodes
et al.
(2005)

Unsubstituted
PAHs showed
trends of
increased blue
sac disease
(BSD) relative to
dimethylated
PAHs

Zebrafish (Danio
rerio)

Retene DMSO solutions Embryo/
Larva

28.5 1e3 Pericardial edema [ 12.5 mg/mL e Scott et al.
(2011)

Atlantic Haddock
(Melano-
grammus

aeglefinus)

Heidrun oil blend Weathered Embryo/
Larva

7e8 7 Craniofacial malfor-
mations;
pericardial edema

[ 0.58
P

PAH32 e Sørhus
et al.
(2016)

Yellowtail Kingfish
(Seriola lalandi)

North West Shelf oil HEWAF Embryo/
Larva

25 1.5 Pericardial edema
and spinal
curvature

[ e e Sweet et al.
(2018)

No UV enhanced
effect

Black Bream
(Acanthopagrus
butcheri)

North West Shelf oil HEWAF Embryo/
Larva

25 0.5 Pericardial edema [ e e Sweet et al.
(2018)

Effect amplified
with 100% UV
co-exposure

Mahi Mahi
(Coryphaena
hippurus)

DWH/Slick
oil; Source oil

HEWAF Larva 27 2 Pericardial area [ Slick oil-(at 48 h) ¼ 12
P

PAH50 Source oil-(at
48 h) ¼ 4.6P

PAH50

Xu et al.
(2016)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Slick;
Source

HEWAF Larva (48
hpf)

26e
27

2 Pericardial area [ Slick ¼ 2.37; Source ¼ 12.68
P

PAH50

Source ¼ 7.11
P

PAH50

Xu et al.
(2018)
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Table 1 Summary of morphological effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement Temp (�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Red Drum
(Sciaenops
ocellatus)

DWH/Slick HEWAF Embryo/
Larva

25 2 Spinal curvature &
Pericardial area

[ 4.74
P

PAH50 e Xu et al.
(2017a)

Zebrafish (Danio
rerio)

Phenanthrene DMSO solutions Embryo/
Larva

28.5 3 Cardiac
malformations

[ 0.05 nM e Zhang et al.
(2013)

Pericardial edema,
abnormal heart
looping and
enlarged
ventricles

APD- Action potential duration.
ANSCO- Alaska North Slope crude oil.
AW- Artificially weathered.
CEWAF- Chemically-enhanced-water-accommodated- fractions.
EC50- Concentration of drug that gives half maximal response.
HEWAF- High-energy-water-accommodated- fractions.
IHCO- Iranian heavy crude oil.
LC50- Lethal concentration required to kill 50% of population.
LOAEC- Lowest observed adverse effect concentration.
MASS- Massachusetts source oil.
NOEC- No observed effect concentration.
OFS- Oil from the surface.
OWD- Oil-water dispersion.
PAH- Polycyclic aromatic hydrocarbons.
SOB- Source oil B.
TPH- Total petroleum hydrocarbons.
*Effect concentrations in (mg/L) unless stated otherwise.
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The fish heart forms initially as a tube-like structure of mesodermal derivation that subsequently undergoes a concomitant
increase in length and rightward looping that brings the developing ventricle adjacent to the atrium. These processes are then fol-
lowed by a ventricular outgrowth (ballooning) and subsequent formation of a spongy myocardium characterized by the growth of
ventricular projections known as trabeculae. The muscular trabeculae are thought to increase surface area and flexibility within the
ventricle to maximize tissue oxygenation and contractile function, respectively, in the absence of a coronary circulation (which may
or may not develop later, depending on the species). For highly athletic or hypoxia tolerant species that rely on a coronary blood
supply to supplement the venous oxygen supply route through the heart, a compact myocardium also forms that encases the spongy
myocardium during the late larval to juvenile period (Farrell et al., 2009). In zebrafish, where most work in this area has been per-
formed, the timing of these key developmental events has been well established (Brown et al., 2016). Contraction of the still tubular
heart is initiated around 24 h post-fertilization (hpf) followed by tubular extension and looping initiated around 28 hpf. By 48 hpf,
cardiac looping is complete and a clear division into a two-chambered heart can be observed. Subsequently, at approximately 72
hpf, trabecular ridges become clearly visible and continue to expand as the heart matures. The trabeculae then undergo remodeling
(also known as consolidation or compaction), a process that indicates the final stage of trabecular growth and generally leads to the
final adult trabecular morphology.

Crude oil exposure to ELS fishes alters the normal patterning of heart development and is typically characterized by failed loop-
ing and reduced ventricular cardiomyocyte proliferation (Incardona, 2017). Such alterations in heart morphology have been
measured in several ways, including atrioventricular angle and sinus venosus-yolk mass gap (e.g., Edmunds et al., 2015) and
areas/volumes of the atrium and ventricle at end diastole and end systole (with volumes conventionally estimated using a prolate
spheroid shape) (e.g., Incardona et al., 2021; Perrichon et al., 2017). More recently, measures of cardiac ballooning, cardiac jelly and
vessel wall thicknesses and trabecular spacing have been employed (Incardona et al., 2021). Importantly, these alterations in cardiac
morphology consistently arise after the heart has started beating, suggesting a functional cardiac impairment rather than an effect on
primary cardiac morphogenesis (Incardona et al., 2004; Mager et al., 2017). For example, studies of zebrafish have demonstrated
that development of the cardiotoxic syndrome coincides with exposure during the period approximately 12 h after onset of the
heart beat (�24 hpf) and during formation of the atrioventricular conduction pathway (Incardona et al., 2004, 2013). Onset of
the heartbeat in some large predatory pelagic fishes, such as mahi-mahi (Coryphaena hippurus) and others, also begins at �24
hpf and the cardiac syndrome is clearly present by approximately 48 h of crude oil exposure (�12 h following hatch) (Esbaugh
et al., 2016; Incardona et al., 2014; Mager et al., 2014, 2017). These findings therefore support the contention that morphological
alterations to the heart likely arise from crude oil-induced impairments in cardiac performance.

The altered shape and reduced contractility of the early heart following crude oil exposure is putatively believed to elicit the
downstream morphological sequelae previously described as a result of reduced cardiac function, likely due to a loss of hemody-
namic force and shear stress within the vasculature. Indeed, loss-of-function zebrafish mutants, such as silent heart (sih) that fail to
produce a heartbeat, strongly support the role of these hemodynamic factors in the proper development of spinal and craniofacial
structures, the pronephros (i.e., primordial kidney), and in the formation of pericardial edema (Incardona et al., 2004). Normal
contractility in the early heart is also required for proper formation of the trabeculae (Staudt et al., 2014).

As noted earlier, the most commonly reported injury among the suite of cardiotoxic effects of crude oil exposure is pericardial
and yolk sac edema. While identification of the precise mechanism of edema remains somewhat elusive, it is generally thought to
arise as a secondary consequence of reduced cardiac output by a failing heart. A relationship between reduced cardiac output and

A

B

A’

B’

Fig. 3 Light micrograph images of two larval fish species demonstrating the cardiotoxic syndrome of morphological effects following crude oil
exposure. Top panels show �72 h post-fertilization (hpf) zebrafish (Danio rerio) exposed to control conditions (A) or slick oil (OFS) from the
Deepwater Horizon (DWH) oil spill (467 mg L�1 SPAH) for 48 h followed by 24 h of recovery in control water (A0) (Bonatesta et al., 2022). Bottom
panels show �72 hpf red drum (Sciaenops ocellatus) exposed to control conditions (B) or OFS oil from the DWH oil spill (2.6 mg L�1 SPAH) for
72 h (B0) (Khursigara et al., 2017). The large difference in exposure concentrations eliciting the cardiotoxic phenotype likely reflect species-specific
sensitivities and differences in exposure durations. Pericardial (anterior) and yolk sac (posterior) areas are indicated by arrow heads. Craniofacial
malformations and spinal curvature are apparent in the red drum example as indicated by a thin and thick arrow, respectively. Minor alterations to
the median finfolds can also be observed in both species as indicated by asterisks.
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edema formation was supported by proportional changes in the two variables following crude oil exposure to ELS red drum (Sciae-
nops ocellatus) (Khursigara et al., 2017). However, it remains unclear as to whether stroke volume is constrained by the increased
hydrostatic pressure from the edema, reducing cardiac output, or if in fact impaired cardiac function initiates the edema. In any
event, an interesting and somewhat puzzling observance is that edema formation occurs in response to crude oil exposure regardless
of the osmolarity of the surrounding environment. This seems counterintuitive for marine and estuarine fishes that live in hyper-
osmotic environments as the osmotic gradient favors a loss of water from the animal. Moreover, reduced renal clearance as a result
of impaired pronephros formation likely contributes to edema formation to some extent in freshwater species, whereas this role
would be expected to be diminished in marine species that rely less on renal fluid clearance for osmoregulation. Incardona and
Scholz (2016) have proposed that edema formation in these osmotically divergent environments can be explained by anatomical
differences in the membrane compartments of the heart and yolk sac and their vascular elements. In brief, it was proposed that
pericardial edema in marine larvae is not the result of whole-body fluid accumulation or reduced fluid clearance, but rather a fluid
shift from the subdermal space within the large dorsal finfold to the yolk sac sinus and ultimately the region surrounding the heart.
The authors suggested that a gradient of high NaCl in the yolk sac owing to its relatively high surface area is the driving force for this
fluid translocation. While intriguing, this potential mechanism clearly warrants further investigation.

Functional effects

Functional analyses of the cardiotoxic effects of crude oil have included relatively simple in situ microscopic video assessments of
heart rate, contractility and rhythm, and more sophisticated approaches, such as electrophysiological measurements on isolated
cardiomyocytes, contractile analyses using isolated hearts or ventricular strips, and measurements of mitochondrial function.
With respect to effects on heart rate, contractility, and rhythm, as indicated in Table 2, the trend for crude oil-exposed ELS fishes
is a decrease in heart rate and contractility and an increase in the prevalence of arrhythmias. However, the significance of a reduced
heart rate must be considered in conjunction with stroke volume whenever possible, as it is the product of both of these parameters
that determine the more functionally important measure of cardiac output. As one might imagine, measuring stroke volume in
extremely small larvae is technically challenging, though recent approaches have been developed to facilitate measurements of
this kind as alluded to in the previous section (e.g., Perrichon et al., 2017). In any case, the functional significance of heart rate
in the absence of stroke volume (and vice versa) should be regarded with caution. For example, a recent study of crude oil-
exposed zebrafish larvae revealed a bradycardia effect, but no change in stroke volume or cardiac output (Magnuson et al.,
2020). Consequently, the authors questioned whether the other crude oil effects (in this case related to visual impairment) were
dependent on proper cardiac function. Another study examined various parameters of heart function in situ by using juvenile cobia
(Rachycentron canadum) in incremental swimming velocity tests to assess the effect of oil exposure on heart function during exercise
(Nelson et al., 2017). It was found that while a general reduction in cardiac output occurred in response to a prior 24 h crude oil
exposure at intermediate swimming speeds, this effect was offset by increases in heart rate at higher speeds approaching Ucrit (i.e.,
maximum sustained swimming speed). As these examples highlight, reliance on a single contributor to cardiac output could lead to
spurious interpretations and conclusions.

Assessments of cardiac arrhythmias, such as prolongation of atrial systole and interbeat variability (e.g., Incardona et al., 2014),
as well as heart contractility (e.g., Esbaugh et al., 2016), have also been described in response to ELS crude oil exposure. Perhaps
most importantly, these effects likely signify specific molecular cardiac targets for binding by crude oil constituents. Indeed, elec-
trophysiological studies on isolated cardiomyocytes from later life stage fishes have yielded additional insights that largely substan-
tiate the non-AhR receptor-based hypothesis of crude oil induced cardiotoxicity. For example, Brette and colleagues demonstrated
that exposure to DWH crude oil water-accommodated fractions (WAFs) at low SPAH concentrations prolonged action potential
duration and disrupted EC coupling in isolated ventricular myocytes of two tuna species via effects on the delayed rectifier potas-
sium current (IKr), calcium current (ICa) and calcium cycling (Brette et al., 2014). A follow-up study investigated the exposure effects
of several select individual 2- to 4-ring PAHs on three scombrid species, revealing that only the tricyclic PAH phenanthrene elicited
similar electrophysiological responses as seen previously using crude oil WAFs (Brette et al., 2017). These findings provided further
support that phenanthrene is likely a key constituent within crude oil driving the cardiotoxic phenotype. However, it should be
noted that rather high nominal exposure concentrations (5 mM, or �0.9 mg L�1 for phenanthrene) of the individual PAHs were
used in this study, although these were justified by the authors by approaching tissue concentrations measured in oil-exposed
embryos from previous studies (Incardona et al., 2009; Jung et al., 2015).

Similar subsequent studies on rainbow trout (Oncorhynchus mykiss) (Vehniäinen et al., 2019), brown trout (Salmo trutta)
(Ainerua et al., 2020), mahi-mahi (Heuer et al., 2019) and navaga cod (Eleginus nawaga) (Abramochkin et al., 2021) largely substan-
tiated the prior electrophysiological findings with scombrid fishes. A notable exception is that ion channel disruption led to short-
ening rather than prolongation of the action potential duration in rainbow trout that was attributed to an increase in the fast Naþ

current (INa) despite reductions in ICa and IKr (Vehniäinen et al., 2019). Additionally, the study by Heuer et al. (2019) confirmed
that the observed electrophysiological responses in mahi-mahi exposed to a very low SPAH concentration (2.8 mg L�1) translated
into reduced heart contractility, supporting the prior in situ results of Nelson and colleagues using this same species (Nelson et al.,
2016). The latter studies in particular provide important insight that had been inferred but not specifically addressed in prior elec-
trophysiological studies on other species.

738 Crude oil-induced cardiotoxicity in fishes

Encyclopedia of Fish Physiology, Second Edition, 2024, 721e754

Author's personal copy



Table 2 Summary of functional effects of crude oil exposure in fish.

Species Oil type Oil prep

Life stage/

age at

measurement

Temp

(�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction

of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Navaga Cod
(Eleginus
nawaga)

Phenanthrene DMSO solutions Adult 11e13 0 Action potential
duration

[ 10 uM 3 uM Abramochkin
et al. (2021)

At both APD 50% and
APD 90%

Resting membrane
potential, AP
amplitude and
maximal upstroke
velocity not affected

Navaga Cod
(Eleginus
nawaga)

Phenanthrene DMSO solutions Adult 11e13 0 IKr Y 1 uM e Abramochkin
et al. (2021)

Navaga Cod
(Eleginus
nawaga)

Phenanthrene DMSO solutions Adult 11e13 0 IK1 and IKACh No
change

e 30 uM Abramochkin
et al. (2021)

Navaga Cod
(Eleginus
nawaga)

Phenanthrene DMSO solutions Adult 11e13 0 INA Y 3 uM 1 uM Abramochkin
et al. (2021)

Inland Silverside
(Menidia
beryllina)

DWH/Leaking well
riser by BP

WAF/CEWAF Embryo/
Larva

21 3 Heart rate Y Oil/9527 ¼ 217.26P
PAH47

Oil ¼ 24.08; Oil/
9500 ¼ 44.18P

PAH47

Adeyemo
et al. (2015)

Corexit 9500 & 9527
added to oil
preparations

Brown Trout
(Salmo trutta)

Phenanthrene DMSO solutions Adult 10 0 QT interval (time
between ventricular
depolarization and
repolarization) of
electrocardiogram

[ 5 uM e Ainerua et al.
(2020)

Indicative of arrhythmia
risk

Brown Trout
(Salmo trutta)

Phenanthrene DMSO solutions Adult 10 0 Cardiac contractility Y 15 uM e Ainerua et al.
(2020)

Brown Trout
(Salmo trutta)

Phenanthrene DMSO solutions Adult 10 0 Action potential
duration

Varied APD 90% ¼
[- 10 uM;

APD 50% ¼
Y- 30 uM

e Ainerua et al.
(2020)

Brown Trout
(Salmo trutta)

Phenanthrene DMSO solutions Adult 10 0 IKr Y 10 uM e Ainerua et al.
(2020)

Brown Trout
(Salmo trutta)

Phenanthrene DMSO solutions Adult 10 0 ICaL Y 30 uM 10 uM Ainerua et al.
(2020)

Rainbow Trout
(Oncorhynchus
mykiss)

Russian Export
Blend medium
crude oil

Weathered Juvenile 16 2 Heart rate Y 4.5
P

PAH16 e Anttila et al.
(2017)

No differences in heart
rate at higher
temperatures
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Table 2 Summary of functional effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement

Temp

(�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction

of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

European Sea
Bass
(Dicentrarchus
labrax)

Arabian light crude
oil

Weathered and
treated with
dispersant

Juvenile 10 2 Heart rate Y 34.299 ng/g
P

PAH21

e Anttila et al.
(2017)

No differences in heart
rate at higher
temperatures

Siamese Fighting
Fish (Betta
splendens)

DWH/Source Oil B HEWAF- Dietary
exposure

Adult 29 28 Hematocrit [ 50% HEWAF e Bautista et al.
(2019)

Zebrafish
(Danio rerio)

DWH/Source Oil B HEWAF- Dietary
exposure

Embryo/
Larva

28 21 Heart rate Y e e Bautista et al.
(2020)

Adult zebrafish
exposed to oiled diet
and heart rate
assessed in offspring

Sheepshead
Minnow
(Cyprinodon
variegatus)

DWH/Macondo
Crude Oil

CEWAF Embryo/
Larva

26 2 Heart rate Y e e Bosker et al.
(2017)

Full analysis of PAH
concentrations not
performed

Bluefin Tuna
(Thunnus
orientalis)

DWH/Source;
Slick A; Slick B;
Weathered

HEWAF Adult 20 <1 Action potential
duration (50%)

[ Source ¼ 30;
Slick A ¼ 4;
Slick B ¼ 6P

PAH40

Source ¼ 15;
Weathered ¼ 9P
PAH40

Brette et al.
(2014)

Bluefin Tuna
(Thunnus
orientalis)

DWH/Source;
Slick A; Slick B;
Weathered

HEWAF Adult 20 <1 Resting membrane
potential

No
change

e Source ¼ 61;
Weathered ¼ 36;

Slick A ¼ 14;
Slick B ¼ 22
P

PAH40

Brette et al.
(2014)

Bluefin Tuna
(Thunnus
orientalis)

DWH/Slick A;
Slick B

HEWAF Adult 20 <1 Kþ current (IKr) Y Slick A ¼ 7;
Slick B ¼ 6
P

PAH40

Slick A ¼ 4P
PAH40

Brette et al.
(2014)

Bluefin Tuna
(Thunnus
orientalis)

DWH/Slick B HEWAF Adult 20 <1 Ca2þ current (ICa) Y Slick B ¼ 6P
PAH40

e Brette et al.
(2014)

Yellowfin Tuna
(Thunnus
albacares)

DWH/Source;
Slick B

HEWAF Adult 20 <1 Action potential
duration (50%)

[ Source ¼ 61
P

PAH40

Source ¼ 30;
Slick B ¼ 22P

PAH40

Brette et al.
(2014)

Yellowfin Tuna
(Thunnus
albacares)

DWH/Source;
Slick B

HEWAF Adult 20 <1 Resting membrane
potential

No
change

e Source ¼ 61;
Slick B ¼ 22
P

PAH40

Brette et al.
(2014)

Yellowfin Tuna
(Thunnus
albacares)

DWH/Slick B HEWAF Adult 20 <1 Kþ current (IKr) &
Ca2þ current (ICa)

Y Slick B ¼ 6
P

PAH40

e Brette et al.
(2014)
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Bluefin Tuna
(Thunnus
orientalis)

Phenanthrene Constituted in
dimethyl sulfoxide

Adult 20 <1 Ca2þ transient
amplitude and decay
rate

Y Phenanthrene-
5 uM

e Brette et al.
(2017)

Cardiomyocytes
exposed to 6
individual PAHs-
Napthalene, Fluorene,
Carbazole,
Dibenzothiophene,
Phenanthrene,
Pyrene

Bluefin Tuna
(Thunnus
orientalis)

Phenanthrene Constituted in
dimethyl sulfoxide

Adult 20 <1 Resting membrane
potential and action
potential amplitude

No
change

e Phenanthrene-
5 uM

Brette et al.
(2017)

Cardiomyocytes
exposed to 6
individual PAHs-
Napthalene, Fluorene,
Carbazole,
Dibenzothiophene,
Phenanthrene,
Pyrene

Yellowfin Tuna
(Thunnus
albacares)

Phenanthrene Constituted in
dimethyl sulfoxide

Adult 20 <1 Ca2þ transient
amplitude and decay
rate

Y Phenanthrene-
5 uM

e Brette et al.
(2017)

Cardiomyocytes
exposed to 6
individual PAHs-
Napthalene, Fluorene,
Carbazole,
Dibenzothiophene,
Phenanthrene,
Pyrene

Pacific Chub
Mackerel
(Scomber
japonicus)

Phenanthrene Constituted in
dimethyl sulfoxide

Adult 20 <1 Ca2þ transient
amplitude and decay
rate

Y 5 uM e Brette et al.
(2017)

Cardiomyocytes
exposed to 6
individual PAHs-
Napthalene, Fluorene,
Carbazole,
Dibenzothiophene,
Phenanthrene,
Pyrene

Common Sole
(Solea solea)

Number-2 fuel-
comparable to oil
in tanker ERIKA

e Adult 15e16 5 Cardiac output; stroke
volume; heart rate

Y e e Claireaux and
Davoodi
(2010)

Decreases in cardiac
function depend on
test temperatures

Cobia
(Rachycentron
canadum)

DWH/OFS HEWAF Young adult 26 1 Cardiac power output Y 14.1
P

PAH50 NA
P

PAH50 Cox et al.
(2017)

Explored the protective
capabilities of B-
adrenergic
stimulation

Zebrafish
(Danio rerio)

Phenanthrene Dissolved in DMSO Embryo/
Larva

28 2e3 Heart rate; stroke
volume; cardiac
output; arterial
velocity

Y 1000 100 Cypher et al.
(2017)

Phenanthrene exposed
only

Zebrafish (Danio
rerio)

DWH/Source Oil B WAF Embryo/
Larva

28.5 <5 Circulation and
vasculogenesis

Altered e e de Soysa
et al. (2012)
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Table 2 Summary of functional effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement

Temp

(�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction

of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Gulf Killifish
(Fundulus
grandis)

DWH/Sediment
from Grand Terre
Island

Sediment Exposures Embryo/
Larva

21 21 Heart rate Y e e Dubansky
et al. (2013)

Polar cod
(Boreogadus
saida)

Arabian light crude
oil

Weathered Adult 5.4 2 O2 consumption of
permeabilized cardiac
muscle fibers

Y 40 mg/L
P

PAH e Dussauze
et al. (2014)

Mahi Mahi
(Coryphaena
hippurus)

DWH/AW Source HEWAF/CEWAF Larva 26 2 Sinus venosus-yolk
mass gap

[ HEWAF-AW
Source ¼ 2

CEWAF-AW
Source ¼ 2.6P
PAH50

e Edmunds
et al. (2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source HEWAF Larva 26 2 Atrio-ventricular angle [ HEWAF-
Source ¼ 16.4P
PAH50

e Edmunds
et al. (2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source HEWAF Larva 26 2 Fractional shortening Y HEWAF-
Source ¼ 10.9

P
PAH50

e Edmunds
et al. (2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source HEWAF Larva 26 2 Heart rate No
change

e HEWAF
Source ¼ 11.4

P
PAH40

Edmunds
et al. (2015)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Source; AW
Source; Slick A

HEWAF Larva 26 2 Atrial contractility Y HEWAF-
Source ¼ 21.6;

AW
Source ¼ 15.9;
Slick A ¼ 4.8

CEWAF-
Source ¼ 2.4;

AW Source ¼ 5.4;
Slick A ¼ 3.5P
PAH50

HEWAF-
Source ¼ 10.3;

AW Source ¼ 7.9;
Slick A ¼ 1.2

CEWAF-
Source ¼ 1.2;

AW Source ¼ 2.7;
Slick A ¼ 0.3P
PAH50

Esbaugh et al.
(2016)

Zebrafish
(Danio rerio)

Benzo-a-pyrene DMSO solutions
aqueous and
injected exposures

Adult 28 2 Stroke volume Y Aqueous- 162 Aqueous- 16.2;
Injected- 1000 mg/
kg

Gerger and
Weber
(2015)

Zebrafish
(Danio rerio)

Benzo-a-pyrene DMSO solutions-
aqueous and
injected exposures

Adult 28 2 End systolic/diastolic
volume

Y Aqueous- 16.2;
Injected- 10 mg/kg

Injected- 0.1 mg/kg Gerger and
Weber
(2015)

Zebrafish
(Danio rerio)

Benzo-a-pyrene DMSO solutions-
aqueous and
injected exposures

Adult 28 2 Ventricular heart rate Y Aqueous- 162;
Injected- 1000 mg/
kg

Aqueous- 16.2;
Injected- 10 mg/kg

Gerger and
Weber
(2015)
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Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS CEWAF Embryo/
Larva

25 2 Heart rate No
change

e e Greer et al.
(2019)

Molecular alterations
related to
cardiotoxicity in the
absence of
phenotypic
differences in cardiac

performance
Cod (Gadus
morhua)

Troll Oil LEWAF Embryo/
Larva

6 4 Heart rate Y e e Hansen et al.
(2018)

WAFs biodegraded for
varying durations.
Larvae measured at 3
and 5 dph

Pacific herring
(Clupea pallasii)

Stormwater runoff Diluted with
dechlorinated
municipal water

Embryo/
Larva

10e12 6 Contractility of ventricle [ e e Harding et al.
(2020)

Doses- 50%, 25%,
12.5% and 0% runoff

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Adult 25e29 0 Sarcomere shortening
(contractility)

Y 2.8 e Heuer et al.
(2019)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Adult 25e29 0 Action potential
duration (APD)

[ APD 50%- 30.4;
APD 20%- 10.6

APD 50%- 10.6;
APD 20%- 4

Heuer et al.
(2019)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Adult 25e29 0 Resting membrane
potential; peak
amplitude of
membrane potential

No
change

e 30.4 Heuer et al.
(2019)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Adult 25e29 0 Peak Ikr Y 9.9 9.3 Heuer et al.
(2019)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Adult 25e29 0 Peak Ik1 No
change

e 7.4 Heuer et al.
(2019)

Bluefin Tuna
(Thunnus
orientalis)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Heart rate (IC50) Y 7.7
P

PAH40 Threshold- 4.0
e8.5

P
PAH40

Incardona
et al. (2014)

Yellowfin Tuna
(Thunnus
albacares)

DWH/Slick A HEWAF Embryo/
Larva

27 2e3 Heart rate (IC50) Y 6.1
P

PAH40 Threshold- 1.0
e2.6

P
PAH40

Incardona
et al. (2014)

Yellowfin Tuna
(Thunnus
albacares)

DWH/Slick A HEWAF Embryo/
Larva

27 2e3 Arrhythmia (EC50) [ 2.6
P

PAH40 Threshold- 0.026
e0.13

P
PAH40

Incardona
et al. (2014)

Amberjack
(Seriola dumerili)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Heart rate (IC50) Y 18.2
P

PAH40 Threshold- 2.2
e6.5

P
PAH40

Incardona
et al. (2014)

Amberjack
(Seriola dumerili)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Arrhythmia (EC50) [ 8.6
P

PAH40 Threshold- 0.27
e1.0

P
PAH40

Incardona
et al. (2014)

Amberjack
(Seriola dumerili)

DWH/Source HEWAF Embryo/
Larva

25 2e3 Heartbeat irregularity [ 13.8
P

PAH40 4.5
P

PAH40 Incardona
et al. (2014)
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Table 2 Summary of functional effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement

Temp

(�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction

of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Zebrafish
(Danio rerio)

DWH/Slick; Source HEWAF Embryo/
Larva

28.5 1 Atrial Regurgitation [ Source ¼ 170
P

PAC40
Slick ¼ 34
P

PAC40
Incardona
et al. (2013)

Zebrafish
(Danio rerio)

DWH/Slick; Source HEWAF Embryo/
Larva and
Juvenile

28.5 1 Cardiac contractility Y Source ¼ 100 ppm e Incardona et
al. (2013)

Measured in ppm and
not reported in Sum
PACs

Zebrafish
(Danio rerio)

IHCO and ANSCO HEWAF Embryo/
Larva

28 2 Ventricular contractility Y IHCO- 284;
ANSCO- 383P

PAH38

e Jung et al.
(2013)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Juvenile 26 1 Mitochondrial
respiration rate

Y 9.6
P

PAH50 e Kirby et al.
(2019)

OXPHOSC1,
OXPHOSC1,CII &
OXPHOSC1I e
Reduced respiration

OXPHOSC1V- No affect
Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Juvenile 26 1 Citrate synthase activity
& Activity of key
enzymes in
mitochondrial
complexes I, II, IV
and V

No
change

e 9.6
P

PAH50 Kirby et al.
(2019)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Juvenile 26 1 KmADP [ 9.6
P

PAH50 e Kirby et al.
(2019)

Mitochondrial affinity
for ADP decreased by
3-fold

Red Drum
(Sciaenops
ocellatus)

DWH/OFS HEWAF Embryo/
Larva

25 2 Heart rate Y 2.6
P

PAH50 2.2
P

PAH50 Khursigara
et al. (2017)

Red Drum
(Sciaenops
ocellatus)

DWH/OFS HEWAF Embryo/
Larva

25 2 Cardiac output &
Stroke volume

Y 1.8
P

PAH50 1.4
P

PAH50 Khursigara
et al. (2017)

Cardiac output-
EC50 ¼ 2.2 (2.1e2.3)

Polar cod
(Boreogadus
saida)

ANSCO Artificially
weathered by
distillation

Embryo/
Larva

2 3 Bradycardia; abnormal
heart rhythms;
duration between
heartbeats;

[ e e Laurel et al.
(2019)

Measured in 27 dpf
embryos. Larvae at
42 dpf still displayed
bradycardia but no
rhythm irregularities

Mahi Mahi
(Coryphaena
hippurus)

DWH/Slick A HEWAF Embryo/
Larva

27 2 Heart rate No
change

e 1.2
P

PAH50 Mager et al.
(2014)

Zebrafish
(Danio rerio)

DWH crude oil HEWAF Embryo/
Larva

28 �3 Heart rate Y 64.2
P

PAH50 38.5
P

PAH50 Magnuson
et al. (2020)
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Zebrafish
(Danio rerio)

DWH crude oil HEWAF Embryo/
Larva

28 �3 Stroke volume; cardiac
output

No
change

e e Magnuson
et al. (2020)

Inland Silverside
(Menidia
beryllina)

ANSCO Weathered and
microbially
degraded

Embryo/
Larva

25 7e10 Cardiac contractions Y e e Middaugh
et al. (2002)

Red Drum
(Sciaenops
ocellatus)

DWH/Slick A; Slick
B

HEWAF/LEWAF Embryo/
Larva

28 1.5 Ventricular contractility Y Slick A HEWAF-
IC20- 8; IC50-
28.1

Slick B HEWAF-
IC20- 5.6; IC50-
19.7

Slick A LEWAF-
IC20- 2.8; IC50-
7.3

Slick B LEWAF-
IC20- 3.7; IC50-
9.7P
PAH50

e Morris et al.
(2018)

Red Drum
(Sciaenops
ocellatus)

DWH/Slick A; Slick
B

HEWAF/LEWAF Embryo/
Larva

28 1.5 Atrial contractility Y Slick A HEWAF-
IC20- 35.5; IC50-
>31.5

Slick B HEWAF-
IC20- 22.9; IC50-
>51.8

Slick A LEWAF-
IC20- 6.4; IC50-
20.2

Slick B LEWAF-
IC20- 7.8; IC50-
>14.8

P
PAH50

e Morris et al.
(2018)

Red Drum
(Sciaenops
ocellatus)

DWH/Slick A; Slick
B

HEWAF Embryo/
Larva

28 1.5 Heart rate Y Slick A HEWAF-
31.5

Slick B HEWAF-
51.8P
PAH50

Slick A HEWAF- 5.9
Slick B HEWAF-
21.1

P
PAH50

Morris et al.
(2018)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Young adult 26 1 Stroke volume, Stroke
work, Cardiac output
& Heart contractility
index

Y 9.6
P

PAH50 e Nelson et al.
(2016)
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C
rude

oil-induced
cardiotoxicity

in
fi
shes

745

E
n
cy
clo

p
ed
ia

o
f
F
ish

P
h
y
sio

lo
g
y,

S
eco

n
d
E
d
itio

n
,
2
0
2
4
,
7
2
1e

7
5
4

Author's personal copy



Table 2 Summary of functional effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement

Temp

(�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction

of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Young adult 26 1 Heart rate & Blood
pressure parameters

No
change

e 9.6
P

PAH50 Nelson et al.
(2016)

Blood pressure
parameters- Mean
intraventricular
pressure; peak
developed pressure;
end diastolic
pressure; end systolic
pressure

Cobia
(Rachycentron
canadum)

DWH/Slick HEWAF Young adult 26 1 Heart rate [ 10.52
P

PAH50 5.24
P

PAH50 Nelson et al.
(2017)

Parameters measured
at different swimming
speeds

Cobia
(Rachycentron
canadum)

DWH/Slick HEWAF Young adult 26 1 Stroke volume &
Cardiac output

Y 10.52
P

PAH50 5.24
P

PAH50 Nelson et al.
(2017)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Heart rate Y 26�- 6
P

PAH50 26�- NA Pasparakis
et al. (2016)30�- 14.9

P
PAH50 30�- NA

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Sinus venosus-yolk
mass gap

[ 26�- 7.4
P

PAH50 26�- 3
P

PAH50 Perrichon
et al. (2018)30�- 26.6

P
PAH50 30�- NA

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Heart rate Y 26�- 31.2
P

PAH50 26�- 12.4
P

PAH50 Perrichon
et al. (2018)30�- 14.9

P
PAH50 30�- 7.8

P
PAH50

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Stroke volume Y 26�- 31.2
P

PAH50 26�- 12.4
P

PAH50 Perrichon
et al. (2018)30�- 26.6

P
PAH50 30�- 14.9

P
PAH50

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 26 & 30 1 Cardiac output Y 26�- 3
P

PAH50 26�- NA Perrichon
et al. (2018)30�- 14.9

P
PAH50 30�- 7.8

P
PAH50

Zebrafish
(Danio rerio)

DWH/Source WAF Embryo/
Larva

27.5 7 Heart rate [ e e Philibert et al.
(2019)

Sheepshead
Minnow
(Cyprinodon
variegatus)

DWH/Source WAF Embryo/
Larva

25.5 10 Heart rate Y e e Philibert et al.
(2019)

Zebrafish
(Danio rerio)

Retene DMSO solutions Embryo/
Larva

28.5 1e3 Circulation; diastolic
filling

Y 12.5 mg/mL e Scott et al.
(2011)
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Atlantic Haddock
(Melanogrammus
aeglefinus)

Heidrun oil blend Weathered Embryo/
Larva

7e8 7 Heart rate Y 6.7
P

PAH32 0.58
P

PAH32 Sørhus et al.
(2016)

Atlantic Haddock
(Melanogrammus
aeglefinus)

Heidrun oil blend Weathered Embryo/
Larva

7e8 7 Silent ventricles [ 0.58
P

PAH32 e Sørhus et al.
(2016)

Atlantic Haddock
(Melanogrammus
aeglefinus)

Heidrun oil blend Weathered Embryo/
Larva

7e8 7 Ventricular and atrial
contractility

Y 0.58
P

PAH32 e Sørhus et al.
(2016)

Mahi Mahi
(Coryphaena
hippurus)

DWH/OFS HEWAF Larva 27 1 Heart rate Y Late UV co-
exposure- ¼ 4
P

PAH50

Late UV co-
exposure- ¼ 1
P

PAH50

Sweet et al.
(2017)

Bradycardia not
observed in oil
exposed larvae
without UV (NOEC-
35)

Yellowtail Kingfish
(Seriola lalandi)

North West Shelf oil HEWAF Embryo/
Larva

25 1.5 Heart rate Y e e Sweet et al.
(2018)

No difference in 10 or
100% UV groups

Yellowtail Kingfish
(Seriola lalandi)

North West Shelf oil HEWAF Embryo/
Larva

25 1.5 Arrhythmia [ e e Sweet et al.
(2018)

Significantly higher in
fish co-exposed to
100% UV than in
10% UV

Rainbow Trout
(Oncorhynchus
mykiss)

Phenanthrene and
retene

DMSO solutions Adult 14 0 Action potential (APD
50%)

Y Retene- 1 uM Retene- 0.1 uM Vehniäinen
et al. (2019)

Rainbow Trout
(Oncorhynchus
mykiss)

Phenanthrene and
retene

DMSO solutions Adult 14 0 INa [ Phenanthrene-
10 uM;

Retene- 1 uM

e Vehniäinen
et al. (2019)

Rainbow Trout
(Oncorhynchus
mykiss)

Phenanthrene and
retene

DMSO solutions Adult 14 0 ICaL Y Phenanthrene-
30 uM;

Retene- 1 uM

Phenanthrene-
10 uM

Vehniäinen
et al. (2019)

Rainbow Trout
(Oncorhynchus
mykiss)

Phenanthrene and
retene

DMSO solutions Adult 14 0 IKr Y Phenanthrene-
10 uM;

Retene- 0.1 uM

e Vehniäinen
et al. (2019)

Rainbow Trout
(Oncorhynchus
mykiss)

Phenanthrene and
retene

DMSO solutions Adult 14 0 IK1 No
change

e e Vehniäinen
et al. (2019)

Mahi Mahi
(Coryphaena
hippurus)

DWH/Slick oil;
Source oil

HEWAF Embryo/
Larva

27 1,2 and 4 Heart rate Y Slick oil-(at 24 and
96 h) ¼ 12

P
PAH50

Source oil-(at 24,
48 and 96 h) ¼
4.6

P
PAH50

Xu et al.
(2016)

Effect of slick oil on HR
most pronounced at
96 h

(Continued)

C
rude

oil-induced
cardiotoxicity

in
fi
shes

747

E
n
cy
clo

p
ed
ia

o
f
F
ish

P
h
y
sio

lo
g
y,

S
eco

n
d
E
d
itio

n
,
2
0
2
4
,
7
2
1e

7
5
4

Author's personal copy



Table 2 Summary of functional effects of crude oil exposure in fish.dcont'd

Species Oil type Oil prep

Life stage/

age at

measurement

Temp

(�C)

Oil

exposure

duration

(Days)

Process impacted

or endpoint

Direction

of

change

Lowest effect

concentration

(mg/L)

No effect

concentration

(mg/L) References Notes

Mahi Mahi
(Coryphaena
hippurus)

DWH/Slick; Source HEWAF Larva (48
hpf)

26e
27

2 Heart rate Y Slick ¼ 2.37;
Source ¼ 12.68P
PAH50

Source ¼ 31.47
P

PAH50

Xu et al.
(2018)

Zebrafish (Danio
rerio)

Phenanthrene DMSO solutions Embryo/
Larva

28.5 3 Heart rate [ 0.5 nmol/L 0.05 nmol/L Zhang et al.
(2013)

Zebrafish (Danio
rerio)

Phenanthrene DMSO solutions Embryo/
Larva

28.5 3 Stroke volume Y 5 nmol/L 0.5 nmol/L Zhang et al.
(2013)

Zebrafish (Danio
rerio)

Phenanthrene DMSO solutions Embryo/
Larva

28.5 3 Cardiac output Y 5 nmol/L 0.5 nmol/L Zhang et al.
(2013)

APD- Action potential duration.
ANSCO- Alaska North Slope crude oil.
AW- Artificially weathered.
CEWAF- Chemically-enhanced-water-accommodated- fractions.
EC50- Concentration of drug that gives half maximal response.
HEWAF- High-energy-water-accommodated- fractions.
IHCO- Iranian heavy crude oil.
LC50- Lethal concentration required to kill 50% of population.
LOAEC- Lowest observed adverse effect concentration.
MASS- Massachusetts source oil.
NOEC- No observed effect concentration.
OFS- Oil from the surface.
OWD- Oil-water dispersion.
PAH- Polycyclic aromatic hydrocarbons.
SOB- Source oil B.
TPH- Total petroleum hydrocarbons.
*Effect concentrations in (mg/L) unless stated otherwise.
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Physiological stress, including exercise, elicits the release of intrinsic catecholamine stores, such as adrenaline, that contribute to
increased cardiac performance via adrenergic stimulation. Thus, the potential exists for compensation of crude oil induced effects on
heart function during bouts of stress by increasing the release of these stores to the bloodstream. Several studies have examined such
a role of adrenergic stimulation of heart function in crude oil exposed fishes, namely common sole (Solea solea) (Claireaux et al.,
2004), grey mullet (Liza aurata) (Milinkovitch et al., 2013) and cobia (Cox et al., 2017), using isolated heart strips or in situ heart
preparations. A consistent finding among these studies is that a positive inotropic (force) effect of adrenergic stimulation on heart
function is largely lost in fish exposed to elevated crude oil exposures. These studies used adrenergic stimulants spanning a range of
physiologically relevant concentrations of 10�9 to 10�6 M; however, in the study on cobia, a 10�5 M concentration was also used
that was sufficient to return heart function of oil exposed fish back to control levels. The authors acknowledged that this concen-
tration was physiologically unlikely to occur within blood, but might be similar to that found within adrenergic nerve synapses
(Cox et al., 2017). In any case, the evidence to date suggests that adrenergic stimulation is unlikely to overcome the impacts of crude
oil exposure on heart function during conditions of stress.

Finally, several studies have investigated the potential role of impaired mitochondrial function in mediating toxicity within car-
diomyocytes of crude oil exposed fishes, such as polar cod (Boreogadus saida) (Dussauze et al., 2014), red drum (Johansen and
Esbaugh, 2019) and mahi-mahi (Kirby et al., 2019). The heart is a highly aerobic tissue and thus its performance is largely mediated
by mitochondrial oxygen consumption and ATP production. Assessments of mitochondrial function thus often rely on measure-
ments of ATP turnover and proton leak across the inner mitochondrial membrane which influences the proton circuit driving
ATP production. While some inhibiting effects on electron transport chain complexes have been observed, the general conclusion
that can be gleaned from the aforementioned studies is that mitochondrial dysfunction seems unlikely to contribute significantly to
the cardiotoxic phenotype.

Molecular effects

The advent of high-throughput RNA sequencing techniques has greatly facilitated analyses of the transcriptional responses of fishes
exposed to crude oil and shed new light on the underlying molecular mechanisms of toxicity. Cross-study comparisons are often
hampered by differences in target species, developmental stage at initiation, duration of exposure, time points analyzed, and oil
types/preparations. Nevertheless, while the transcriptional expression of specific genes may vary across different species or exposure
scenarios, the prevalence of others in spite of these differences likely signifies conserved molecular responses. Among the more
consistent transcripts identified across studies include members of the nkx, kcn and bmp gene families, as well as myosin heavy
(myh) and light (myl) chain transcripts and others integral to intracellular calcium cycling, including serca and ryr. Members of
the nkx gene family are homeobox transcription factors that regulate organ development (Stanfel et al., 2005). Of these, nkx2.3,
nkx2.5 and nkx3.3 have been identified as overexpressed from transcriptional analyses of various crude oil exposed fishes (Incardona
et al., 2021; Jung et al., 2017; Philibert et al., 2019; Sørhus et al., 2017). A recent study examined the roles of these transcripts in early
zebrafish development. The authors found overlapping functionalities involved in cardiac morphogenesis, thus supporting the
overexpression of these transcripts as likely contributing to the crude oil cardiotoxic phenotype (Gardner et al., 2019). Notably,
notch1, a signaling receptor involved in normal heart development and abnormal hypertrophic responses, was downregulated in
the same study. Members of the kcn gene family, particularly kcnh2 (potassium voltage-gated channel subfamily H member 2
(ERG)), have been consistently found to be downregulated following crude oil exposure in ELS fishes (Sørhus et al., 2016,
2017; Xu et al., 2017b). Together with the observed decreased mRNA expression of serca (Sørhus et al., 2016, 2017; Xu et al.,
2017b) and ryr family members (Xu et al., 2016) involved in intracellular calcium cycling, these findings further support the
AhR dependent mechanism of crude oil induced cardiotoxicity, as previously described. Bone morphometric protein (bmp) family
members, specifically bmp4 and bmp10, have been shown to be upregulated (Jung et al., 2017; Sørhus et al., 2017; Xu et al., 2017b),
implicating likely roles in the development of heart defects, including cardiac hypertrophy and fibrosis (Sun et al., 2013). Finally,
downregulation of a range of genes encodingmyh andmyl family members have also been reported (Incardona et al., 2021; Xu et al.,
2017b), indicating likely molecular targets of crude oil exposure that directly impact heart contractility.

Intriguing results from two recent complementary studies of ELS mahi-mahi have identified potential roles of altered microRNA
(miRNA) expression and their target mRNA interactions in crude oil cardiotoxicity (Diamante et al., 2017; Xu et al., 2018). Among
the most differentially expressed miRNAs found with crude oil exposure were five that were upregulated (miR-15b, miR-23b, miR-
34b, miR-133, and miR-181b) and one that was downregulated (miR-203a). Analyses of mRNA associations placed the roles of
these miRNAs largely within categories known to alter heart development and function, including AhR and cardiac b-adrenergic
signaling, in addition to vision (Xu et al., 2018). For example, the miR-15b transcript, members of which have been shown to
aid in normal heart development (Porrello et al., 2013), was found to regulate the largest number of differentially expressed mRNAs
(Diamante et al., 2017). The miRNA with perhaps the most direct link to a gene transcript previously implicated in the cardiotoxic
phenotype was miR-133. Specifically, network analysis correlated miR-133 with expression of kcnh2, potentially implicating a role
for this miRNA in the disruption of potassium flux during EC coupling by altering expression of this potassium channel (Diamante
et al., 2017).

Finally, while transcriptomics studies such as these have provided new evidence in support of the molecular mechanisms of
crude oil induced cardiotoxicity, they have also illuminated new areas of research for crude oil induced effects in ELS fishes that
may or may not be independent of cardiac impairment. Such effects include alterations to cholesterol biosynthesis, vision and
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neurological effects, and impairments to the developing liver and kidney (Sørhus et al., 2017; Xu et al., 2016, 2017a,b). Although
some of these effects are very likely the downstream result of impaired circulation arising from reduced cardiac function (e.g., liver
and kidney development), others such as cholesterol biosynthesis and vision are less tightly linked to cardiovascular effects at this
time; however, future studies may ultimately provide these links.

Cardiotoxicity implications: Swimming performance and hypoxia and thermal tolerance

Considering the role of the cardiovascular system in convective oxygen transport, any impairment to cardiac function, such as that
arising from crude oil exposure, has the potential to reduce oxygen delivery to the tissues, thereby limiting aerobic performance. Natu-
rally, this will first become evident under conditions of increased oxygen demand, such as during exercise or elevated temperature, or
under conditions of low environmental oxygen (i.e., hypoxia). However, given that embryo-larval fish are thought to achieve sufficient
uptake of oxygen by simple diffusion across the skin (Burggren et al., 2017), cardiac defects are unlikely to play a significant role related
to oxygen acquisition or delivery during ELSs. Hence, the following sections will focus largely on juvenile and adult fishes where
oxygen demand is entirely dependent on the cardiovascular system. Still, crude oil exposures during the ELSs may impose subtle alter-
ations to heart development/function that manifest as chronic/latent cardiac effects at these later life stages.

Clearly, acute crude oil exposure can lead to reductions in aerobic swimming performance as determined by measurements of
maximum sustained swimming velocity (Ucrit) (e.g., Johansen and Esbaugh, 2017; Mager et al., 2014; Nelson et al., 2017), although
no effect has also been observed (e.g., Milinkovitch et al., 2012). Interestingly, however, reductions in Ucrit do not always corre-
spond with decreases in aerobic scope (Johansen and Esbaugh, 2017; Mager et al., 2014) suggesting that, at least in some cases,
swimming performance is not limited by crude oil induced constraints on oxygen delivery and thus are likely independent of
cardiac effects. Transient exposures during the ELSs can nevertheless impart long-lasting detriment to cardiac development and
swimming performance, as indicated by grow-out studies (Hicken et al., 2011; Mager et al., 2014). Moreover, chronic crude oil
exposure does not appear to lead to acclimation, given that reduced Ucrit persisted out to at least 8 weeks of continuous exposure
to juvenile Pacific herring (Clupea pallasi) (Kennedy and Farrell, 2006). Furthermore, recovery in control water for at least 4e6 weeks
following an acute 24e48 h crude oil exposure did not alleviate impairments to swimming performance in red drum or European
sea bass (Dicentrarchus labrax) (Johansen and Esbaugh, 2017; Mauduit et al., 2016), although 10 months was sufficient for full
recovery by D. labrax (Mauduit et al., 2016).

Although there is currently debate regarding the role of the cardiovascular system as the main determinant of thermal tolerance,
as defined by the critical thermal maximum (CTmax) (Jutfelt et al., 2018), a number of studies have examined the role of crude oil
induced cardiac impairments in this context, as well as in regard to hypoxia tolerance (see Khursigara et al., 2019 for review). In
terms of thermal tolerance, the evidence to date is mixed as both improvement (Anttila et al., 2017) and reduction (Claireaux
and Davoodi, 2010) as well as no effect (Claireaux et al., 2013; Mauduit et al., 2016, 2019) have been observed following crude
oil exposure. Effects on hypoxia tolerance appear more consistent, however, with evidence supporting a decrease in this metric
with crude oil exposure in several fish species (Ackerly and Esbaugh, 2020; Mauduit et al., 2016), though other studies have reported
no effect on hypoxia tolerance (e.g., Mauduit et al., 2019; Pan et al., 2018). A study of the interactive effects of temperature or
hypoxia with crude oil exposure on the swimming performance of juvenile mahi-mahi revealed that either hypoxia alone or
hypoxia combined with crude oil exposure reduced Ucrit, whereas elevated temperature did not; however, these effects were not
additive as they elicited similar decreases inUcrit (�20%), suggesting they were due to hypoxia alone (Mager et al., 2018). Undoubt-
edly, there remains much to be learned regarding crude oil induced cardiac impairments and their functional significance in both
thermal and hypoxia tolerance.

Conclusions

Crude oil exposure to ELS fishes elicits a characteristic syndrome of cardiotoxic effects, the most prominent and widely-reported of
which is pericardial and yolk sac edema. Although the underlying mechanisms of cardiotoxicity remain a subject of debate, recent
transcriptional and functional assays have identified intriguing molecular targets with potential roles in both the AhR dependent
and independent pathways. The most promising of these include targets directly involved in calcium and potassium fluxes related
to cardiomyocyte EC coupling such as SERCA2, RyR2 and ERG. While electrophysiological/pharmacological studies provide strong
evidence indicative of an AhR independent mechanism of toxicity based on tricyclic PAHs targeting one or more of these potential
receptors, a specific molecular initiating event for any of these has yet to be fully characterized. Nevertheless, alteration of these
genes and others related to cardiomyocyte development/function clearly support the AhR dependent mechanism of toxicity. Studies
of adrenergic stimulation and mitochondrial function indicate they likely do not contribute significantly to rescuing or explaining
crude oil impairments to cardiac function, respectively. While some insightful hypotheses have been proposed to explain the devel-
opment of pericardial edema in crude oil exposed fishes despite the surrounding osmotic environment, careful follow-up studies are
needed to confirm or refute these. Finally, it seems clear that acute crude oil exposures (e.g., 24e48 h), either during the ELS or later
life stages, can result in persistent impairments to swimming performance. These are typically, but not always, associated with
a reduced aerobic scope, implicating a possible consequence of impaired cardiac function. Other physiological assessments
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potentially related to cardiac function following crude oil exposure have included hypoxia and thermal tolerance. While crude oil
exposure tends to decrease hypoxia tolerance, results from thermal tolerance studies have been less conclusive.
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