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The 2010 Deepwater Horizon oil spill impacted over 2100 km of shoreline along the northern Gulf of Mexico,
which coincided with the spawning season of many coastal species, including red drum (Sciaenops ocellatus). Red
drum develop rapidly and are sensitive to crude oil exposure during the embryonic and larval periods. This study
investigates the predictions from recent transcriptomic studies that cholesterol biosynthetic processes are
impacted by oil exposure in fish early life stages. We found that red drum larvae exposed for 72 h to SPAHsq
3.55-15.45 ug L' exhibited significantly increased pericardial area, a cardiotoxicity metric, but the expression

of several genes targeted in the cholesterol synthesis pathway was not affected. However, whole-mount staining
revealed significant increases in free cholesterol throughout the larval body (EPAHso 4.71-16.15 pg L), and
total cholesterol followed an increasing trend (SPAHs 3.55-15.45 ug L™1). Cholesterol plays a critical role in fish
embryo development and ion channel function. Therefore, the disruption of cholesterol homeostasis, as observed
here, could play a role in the oil toxicity phenotype observed across many fish species.

1. Introduction

The 2010 Deepwater Horizon (DWH) oil spill released over 3 million
barrels of oil offshore into the Gulf of Mexico, making it the largest oil
spill in US history to date (Trustees, 2016). While pelagic habitats were
immediately impacted, with time, crude oil was pushed to the northern
shore of the Gulf of Mexico and oiled at least 2113 km of coastline
(Nixon et al., 2016), including nearshore nursery habitats for red drum
(Sciaenops ocellatus). One year post-spill, moderate to heavy oiling per-
sisted on 78 km of coastline (Michel et al., 2013), suggesting that
nearshore species could have been exposed to oiling in some regions for
multiple spawning seasons.

Developing embryos are especially vulnerable to crude oil exposure
as they are rapidly forming organ systems that will define organism
function for the remainder of the individual’s life. While post-
metamorphosis fish (juveniles and adults) are also susceptible to oil
exposure, they have additional defenses such as a fully developed liver
and scales that can provide protection that embryos and larvae do not
have (Incardona and Scholz, 2018). The DWH oil spill coincided with the

breeding season of many fish species native to the Gulf (Rooker et al.,
2013), including red drum, which spawn nearshore in late summer and
early fall. Red drum are ecologically and economically valuable and a
managed fishery within the Gulf region (National Marine Fisheries,
2018).

Many fish early life stages, including red drum, display a conserved
toxicity phenotype following oil exposure. This phenotype is charac-
terized by cardiotoxicity, including pericardial edema, bradycardia,
reduced stroke volume, and reduced cardiac output (Incardona and
Scholz, 2018; Khursigara et al., 2017). Embryonic and larval car-
diotoxicity due to oil exposure has been linked to reduced swimming
performance in surviving juvenile and adult fish (Hicken et al., 2011;
Incardona et al., 2015; Mager et al., 2014). Current evidence points to
the impairment of ion transport in the heart as a key contributor to
oil-induced cardiotoxicity (Brette et al., 2014, 2017). However, the
molecular mechanisms underlying the disruption of ion movement and
other outcomes such as impaired vision due to oil exposure are currently
unknown. Understanding the mechanisms that result in these outcomes
can help us predict species sensitivity, develop biomarkers, and generate
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risk assessments.

Transcriptomic analyses allow for a broad look at the organismal
response to toxicant exposure, reducing bias when hypothesizing about
potential toxicity mechanisms. Comparing recent transcriptomic
studies, cholesterol-related pathways are consistently enhanced in the
early life stages of several marine fish exposed to crude oil (Jones et al.,
2020; Sgrensen et al., 2017; Xu et al., 2016), including in red drum
(Sciaenops ocellatus) (Xu et al., 2017). Cholesterol plays a critical role in
fish development, and zebrafish (Danio rerio) embryos exposed to
cholesterol-reducing drugs develop a similar phenotype as those
exposed to oil. Pharmaceutical mediated cholesterol reduction induces
cardiotoxicity, presenting as pericardial edema and bradycardia, as well
as smaller heads and reduced eye area (Maerz et al., 2019). Additionally,
bradycardia induced by phenanthrene — a polycyclic aromatic hydro-
carbon (PAH) found in crude oil — can be partially rescued by pre-
treatment with cholesterol, further indicating that cholesterol may
contribute to oil-induced toxicity (McGruer et al., 2021). Previous work
in mahi-mahi (Coryphaena hippurus) embryos exposed to crude oil
demonstrated a significant reduction in total cholesterol at 96 h
post-fertilization (hpf) (McGruer et al., 2019). Furthermore, oil-exposed
yolk-sac-stage polar cod (Boreogadus saida) homogenates presented
significant increases in sterols (Laurel et al., 2019). However, these
studies did not account for the unused yolk-sac or different cholesterol
pools available to the developing larvae.

Cholesterol homeostasis is critical for early fish development. The
present study investigated whether the predicted transcriptional
response translated into a disruption of cholesterol homeostasis in red
drum larvae. Using oil collected from the DWH surface slick at con-
centrations that induce visible cardiotoxicity, we first assessed the
regulation of the cholesterol synthesis pathway using quantitative po-
lymerase chain reaction (QPCR). Next, we quantified total cholesterol in
whole larval homogenates and visualized the free cholesterol distribu-
tion and concentration through whole-mount staining. Free cholesterol
can be readily incorporated into cell membranes. However, total
cholesterol is a measure of both free cholesterol and cholesterol esters, a
storage form of cholesterol (Tabas, 2002). Through these methods, we
examine how oil affects different pools of cholesterol at a stage when the
yolk has been absorbed, but feeding has not yet commenced. Together
these results give insight into the role cholesterol may play in develop-
mental toxicity.

2. Material and methods
2.1. Animals

Red drum broodstock were maintained at the Texas Parks and
Wildlife-CCA Marine Development Center in Corpus Christi, TX.
Following fertilization, red drum embryos were collected and then
transferred with aeration to the University of Texas Marine Science
Institute. Embryos were handled and visually assessed as described in
Khursigara et al. (2017). Briefly, embryos were treated with formalin
(1ppt) for 1 h before oil exposure, embryo quality and viability were
visually assessed, and spawns with minimal fertilization or viability
were not used.

2.2. DWH oil exposure

Red drum embryos were exposed to naturally weathered oil from the
surface (OFS) by preparing high-energy water-accommodated fractions
(HEWAFs). OFS was collected from the Gulf of Mexico on June 29, 2010,
from the hold of barge CT02404 and used to create two sets of exposures.
The first set of exposures were initiated on November 12, 2018, here-
after referred to as “exposure 1”. The second exposure began on July 19,
2019, hereafter “exposure 2”. HEWAF solutions for both exposures were
produced as previously described in Incardona et al. (2013) using a
commercial blender. 1 g of oil was loaded per liter of seawater (35 ppt).

Aquatic Toxicology 241 (2021) 105988

Nominal concentrations of 0.625%, 1.25%, and 2.5% HEWAF were
produced by diluting the 100% HEWAF with seawater. These concen-
trations were chosen to mimic previous studies which observed minimal
impacts to survival (Khursigara et al., 2017) and predicted changes to
cholesterol synthesis (Xu et al., 2017) at similar concentrations. Expo-
sures were conducted in 1 L beakers with 40 embryos for exposure 1 and
30 embryos for exposure 2 per beaker, with treatments starting at 12
hpf. Each concentration contained six test replicates. Exposures were
maintained at 25 °C and 35 ppt salinity with a 14 h:10 h light:dark
photoperiod. Survival was evaluated daily. All endpoints were assessed
at 72 hpf when red drum larvae had nearly depleted their yolk-sac but
had not yet transitioned to exogenous feeding. A timeline of exposure
duration and red drum early life development is provided in supple-
mental Fig. 1. All experiments were conducted per the University of
Texas at Austin Institutional Animal Care and Use Committee (IACUC)
approved protocols (AUP-2014-00375).

2.3. PAH analysis

YPAHs5) concentrations were determined following protocols
described by Xu et al. (2017). First, diluted HEWAF solutions were
sampled immediately after preparation for PAH analysis. Samples were
stored at 4 °C in 250 mL amber bottles until analysis by ALS Environ-
mental (Kelso, WA). Gas chromatography/mass spectrometry-selective
ion monitoring (GC/MS-SIM) was used to quantify 76 individual
PAHs. A subset of 50 PAH analytes were then totaled to determine the
reported XPAHs( concentrations. Separate HEWAF dilutions were made
for exposures 1 and 2, each with three dilutions. Slight differences in the
dilutions resulted in the six XPAHs, concentrations reported in this
study. PAH concentrations of the 50 analytes measured are graphically
represented in Supplemental Fig. 4. Temperature, pH, dissolved oxygen,
and salinity were measured daily and are reported in Supplemental
Table 2.

2.4. Morphological assessment

Morphological assessments, gene expression, and total cholesterol
quantification were conducted on larvae from exposure 1. At 72 hpf, a
subset of larvae (5 individuals per test replicate) were anesthetized in
250 mg L~! MS222 (buffered with 500 mg L~} NaHCO3) for imaging.
Larvae were oriented laterally in 3% methylcellulose and imaged using a
Nikon SMZ800N microscope and a Nikon Digital Sight DS U-3 instru-
ment. Two-dimensional pericardial area was quantified as a metric of
sublethal cardiotoxicity using ImageJ (version 1.53c). Representative
images outlining the region measured can be found in Supplemental
Fig. 2.

2.5. RNA extraction and quantitative PCR

The remaining exposure 1 larval (72 hpf) test replicates were pooled
with another test replicate of the same treatment to create a biological
replicate (2 test replicates per biological replicate; n = 3 biological
replicate per treatment). Biological replicates were equally divided for
qPCR analysis and total cholesterol quantification.

Total RNA was extracted for qPCR from larval homogenates using
the RNeasy Mini kit from Qiagen (Valencia, CA) and associated pro-
tocols. A NanoDrop (Thermo Fisher Scientific; model ND-1000) was
used to assess RNA quality and quantity, and RNA was stored at —80 °C.
Complementary (c)DNA was reversed transcribed from 1 pg of total RNA
using the Promega Reverse Transcription System kit (Madison, WI).
c¢DNA was diluted with nuclease-free water and subsequently stored at
—20 °C until qPCR was performed.

The relative mRNA expression of several key genes involved in
cholesterol synthesis was assessed in 72 hpf red drum larval homoge-
nates exposed to SPAHsq 0, 3.55, and 15.45 pg L. Primers for 3-hy-
droxy-3-methylglutaryl-coenzyme A reductase (hmgcr), farnesyl-
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diphosphate farnesyltransferase 1 (fdft1), and squalene epoxidase (sqle)
were designed using NCBI Primer-BLAST. Primers for f-actin were ob-
tained from Hu et al. (2010). Primers for elongation factor 1 a (efI-a)
were obtained from Sun and Chi (2016). Primer sequences and amplicon
length are provided in Supplemental Table 1. qPCR analysis of all genes
was performed using the thermocycling conditions described in
McGruer et al. (2019): 95 °C for 5 min, followed by 40 cycles of 95 °C for
10 s and 60 °C for 30 s. Data were normalized to the geometric mean of
efl-a and f-actin and analysed using the 2722CT method (Livak and
Schmittgen, 2001). Melt curves and 1.2% agarose gel electrophoresis
were used to assess product formation and primer specificity.

2.6. Total cholesterol quantification

Total cholesterol, which encompasses cholesteryl esters and free
cholesterol, was quantified in whole larval homogenates as described in
McGruer et al. (2019). The Cell Biolabs, Inc. (San Diego, CA) “Total
Cholesterol Assay Kit (Colorimetric)” and associated “tissue lysates”
protocol was used for lipid extraction and total cholesterol quantifica-
tion. Three biological replicates from exposure 1 were evaluated per
treatment with 30-35 larvae per replicate. To summarize, larvae were
homogenized in 200 pL chloroform:isopropanol:Triton x-100 (7:11:0.1)
to extract lipids. Cholesterol standards provided with the assay kit were
used to prepare standard curves and calculate total cholesterol (pg) in
each sample. Total cholesterol was normalized to total protein (mg) to
account for intersample variability. The total protein of extracted sam-
ples was quantified with the Pierce™ BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL).

2.7. Filipin staining

Filipin is a naturally fluorescent biomolecule that binds free 3-
p-hydroxysterols and is a well-established reporter molecule used to
detect free cholesterol in cells and tissues (Gimpl and Gehrig-Burger,
2007). Filipin has been previously used to visualize free cholesterol in
whole-mount zebrafish larvae (Holtta-Vuori et al., 2008; McGruer et al.,
2021). Filipin staining does not allow for the quantification of free
cholesterol concentrations, and the use of three-dimensional samples,
rather than thin tissue sections, likely increases the variability of the
metric. However, staining whole-mount red drum larvae provides in-
formation about the distribution and relative concentration of free
cholesterol in the larvae, separate from cholesterol esters.

Here, filipin staining was conducted on larvae from exposure 2.
Thirty, 72 hpf larvae were pooled per replicate (Control n = 3; Oil
exposed n = 5 or 6) and fixed in zinc-based formalin Z-fix for 24 h
(Anatech LTD). Larvae were then transferred to 1x phosphate buffer
solution (PBS) for storage until staining. Fixed larvae were subsequently
stained with the cholesterol reporter molecule filipin using previously
described protocols (McGruer et al., 2021). Fourteen larvae were
included in each staining basket. Larvae were imaged immediately
following the completion of the staining protocol to prevent signal loss.
Precautions were taken to minimize unnecessary light in the room
where imaging was conducted, and each larva was mounted in 4%
methylcellulose and imaged individually to minimize photobleaching.
Images were collected under both transmitted and UV light.

The larval body was outlined in the image taken under transmitted
light and then overlayed on the fluorescent image to quantify mean
fluorescence within the larval body using ImageJ (representative out-
lines provided in Supplemental Fig. 3). Background corrected fluores-
cence values were calculated by subtracting the mean background
fluorescence (3 individual measurements) from the mean larval
fluorescence.

2.8. Statistical analysis

Statistical analyses were conducted in R (R Core Team 2020).
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Assumptions of normality were assessed using Shapiro Wilk’s test. Ho-
mogeneity of variances was determined using Levene’s test. Differences
in relative gene expression, filipin staining intensity, and total choles-
terol were evaluated by one-way analysis of variance (ANOVA). If the
ANOVA revealed statistical differences, multiple comparisons were
assessed using Tukey’s honest significant difference test. Survival and
pericardial area data were analysed by the nonparametric
Kruskal-Wallis test followed by Dunn’s Test of Multiple Comparisons
due to violations of ANOVA assumptions. A significant difference was
accepted at p < 0.05. All data are presented as means =+ standard error of
the mean (SEM).

3. Results
3.1. 0il composition

YPAH5( concentrations determined from OFS HEWAF dilutions were
similar across the two sets of exposures. Analysis of the exposure 1
HEWAF diluted to 0.625% HEWAF, 1.25% HEWAF, and 2.5% HEWAF
revealed YPAHs5¢ concentrations of 3.55, 7.45, and 15.45 pg L
respectively. The same dilutions produced slightly higher concentra-
tions in the exposure 2 HEWAF, which yielded XPAHs5( concentrations
4.71,8.15,16.15 pg L™, respectively. Across both sets of exposures and
all dilutions, three-ring PAHs (i.e., phenanthrenes/anthracenes) domi-
nated the quantified PAH component of the HEWAF, comprising ~
68-80% of total PAHs (Supplemental Fig. 4).

3.2. Larval survival and cardiotoxicity

Larval survival at the end of exposure 1 (72 hpf) ranged from 88.9%
+ 3.7 to 97.9% =+ 1.2 across all treatments and control. Exposure 2
survival at 72 hpf ranged from 69.3% =+ 3.4 to 82.2% + 3.3 (Fig. 1).
Exposure 2 survival was consistently lower than exposure 1 survival in
both the treatment and control groups. However, survival did not
significantly differ between the negative control and oil treatments in
either exposure 1 or 2.

Exposure 1 HEWAF treatment (XPAHs( 3.55-15.45 pg L signifi-
cantly increased pericardial area by an average fold-change of 2.21 +
0.08 relative to the control (Fig. 2).

3.3. Gene expression (qPCR)

Expression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(hmgcr), farnesyl-diphosphate farnesyltransferase 1 (fdft1), and squalene
epoxidase (sqle) all followed a similar decreasing trend in oil exposed
groups relative to the seawater control. However, mRNA expression in
targeted genes related to cholesterol synthesis was not significantly
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Fig. 1. 72 hpf larval red drum survival following HEWAF exposure. Survival
(%) calculated within each exposure beaker. N = 5 for exposure 1 control
treatment, n = 6 for all other treatments. Significant differences were evaluated
by Kruskal-Wallis Rank Sum Test. Error bars represent + SEM.
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Fig. 2. Pericardial area (pmz) of 72 hpf red drum larvae from exposure 1 (n =
30 per treatment). Whiskers represent the 5th and 95th percentiles. Data were
analysed by a Kruskal-Wallis Rank Sum Test, followed by Dunn’s Kruskal-Wallis
Test of Multiple Comparisons. ***p < 0.001.

altered following HEWAF exposure relative to the control (Fig. 3).

3.4. Total cholesterol quantification

Normalized total cholesterol (cholesterol esters and free cholesterol)
displayed an increasing trend in homogenates exposed to HEWAF
YPAHsg 3.55 (37.1 + 6.0 ug mg™Y), 7.45 (33.3 + 6.5 uyg mg™ 1), 15.45
(34.9 + 1.7 pg mg™Y), relative to the control (25.8 + 2.1 pg mg™Y).
However, no significant difference was found among treatments (p =
0.4) (Fig. 4).

3.5. Filipin staining

Mean fluorescence from filipin staining was found to be significantly
increased in all HEWAF exposed groups (SPAHsg 4.71-16.15 pg L™Y)
relative to the control (81.4 £+ 1.0) (p < 0.007). However, mean fluo-
rescence did not significantly differ between HEWAF exposures (XPAHsg
4.71(87.3 £ 0.79), 8.15 (88.6 + 0.80), 16.15 (87.6 + 0.86) ug LY
(Fig. 5B). Representative images are presented in Fig. 5A.

4. Discussion

Over the past several years, a number of studies have evaluated the
transcriptomic response of developing fish to crude oil exposure. Many
of these studies predicted that cholesterol synthesis pathways are
affected by oil exposure in early life stage fish, including in red drum
(Xuetal., 2017, 2019). In the present study, red drum larvae exposed to
DWH slick oil displayed elevated free cholesterol levels relative to
controls. However, the mRNA transcript abundance of several genes in
the cholesterol synthesis pathway was not altered. The discovery of
these changes gives evidence that the predicted pathway enhancement
in previous transcriptomics studies translates into the disruption of
cholesterol, which may contribute to oil-induced maldevelopment of red
drum larvae.

Survival of 72 hpf red drum larvae following OFS HEWAF exposure
in this study was not significantly reduced, consistent with the estimated
72 hpf red drum LCsg of 19.1 pg L™ (Khursigara et al., 2017). However,
pericardial area was significantly increased at all concentrations tested
(XPAH5( 3.55 - 15.45 pug L™, again consistent with an estimated ECsg
value of 2.4 ug Lt (Khursigara et al., 2017). Though not measured in
this study, pericardial edema incidence likely indicates a concurrent
reduction in cardiac output and occurrence of craniofacial deformities as
these endpoints were found to be similarly sensitive to OFS HEWAF
exposure in red drum (Khursigara et al., 2017). The presence of peri-
cardial edema in larvae exposed to crude oil has been linked to re-
ductions in juvenile or adult swimming performance in at least pink
salmon, pacific herring, and mahi-mahi (Incardona et al., 2015; Mager
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Fig. 3. Relative expression of select genes involved in cholesterol synthesis in
72 hpf larval red drum homogenates from exposure 1 (n = 3 per treatment).
Data are shown as relative fold change of (A) HMG-CoA reductase (hmgcr) (B)
farnesyl-diphosphate farnesyltransferase 1 (fdft1), (C) squalene epoxidase (sqle).
Significance was assessed by one-way ANOVA. Error bars represent -+ SEM.

et al., 2014). Therefore, the doses used in this study may be relevant to
effects at later life stages.

Transcriptomic analysis of 72 hpf red drum larvae predicted the
cholesterol biosynthesis pathway was enhanced following exposure to
YPAHs 4.74 pg L™ (Xu et al., 2017). In the present study, we targeted
hmgcr, fdft1, and sqle with qPCR. These genes were targeted because they
encode enzymes that catalyze critical steps throughout the cholesterol
synthesis pathway. Hmgcr catalyzes a rate-limiting reaction towards the
beginning of the pathway. Enzymes associated with fdftl and sqle
catalyze successive reactions further along in the pathway. Despite
previously finding increased expression of sqle (log2fold = 1.541;
p-value = 2E-07) and hmgcr (log2fold = 0.7255; p-value = 8E-06) in 72
hpf HEWAF exposed red drum (Xu et al., 2017), we did not observe
significant changes to the expression of these genes in this study
(SPAHs5 3.55-15.45 ug L™1). Here, we targeted fdftl because it was
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Fig. 5. (A) Representative images of filipin staining for free cholesterol in
control and HEWAF exposed 72 hpf red drum larvae from exposure 2. (B)
Background corrected mean fluorescence intensity of staining in the larval body
(arbitrary units (a.u.)) (n = 3 in control treatment; n = 6 in ZPAHs, 4.71-8.15
ug L™ n = 5 TPAHs( 16.15 pg LY. Statistical significance was determined by
1-way ANOVA. The significance of individual comparisons was determined by
Tukey’s honestly significant difference test. Error bars represent = SEM. **p <
0.01, ***p < 0.001.

significantly altered in zebrafish exposed to phenanthrene (McGruer
et al.,, 2021) and diesel WAF (Mu et al., 2018). However, fdftl was not
altered in red drum exposed to HEWAF (log2fold = 0.159; p-value =
0.499) (Xu et al., 2017), and we did not observe significant changes to
fdft1 expression in this study. Predictions of pathway enhancement in
the previous transcriptomic studies were based on enhanced expression
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throughout the entire cholesterol synthesis pathway, which includes
>20 enzymes (Xu et al., 2017). Therefore, there may be molecular
changes we are not observing. Moreover, there may be variations be-
tween experiments due to differences in dose or variability in embryo
yolk composition.

Despite a lack of a measurable difference in transcription, quanti-
fying both total cholesterol and free cholesterol allowed for a better
understanding of how oil exposure may affect cholesterol concentration
and distribution. Free cholesterol is unesterified cholesterol that can be
readily incorporated into cell membranes, while total cholesterol is the
sum of both free cholesterol and cholesteryl esters. Interestingly, we
found that filipin staining of free cholesterol in whole-mount larvae
(whole-body) was significantly increased at all doses tested (XPAHsq
4.71-16.15 g L™1). By comparison, total cholesterol measured in larval
homogenates was not affected by HEWAF exposure (ZPAHs,
3.55-15.45 pg L) but did follow an increasing trend, supporting our
findings from filipin staining. Together, these results support predictions
that cholesterol is impacted by oil exposure and demonstrates that free
cholesterol levels are elevated with crude oil exposure.

Increases in free cholesterol in the absence of differential expression
of enzymes in the synthesis pathway have been reported in previous
studies (Qian et al., 2018). Cholesterol biosynthesis is a complex and
energetically expensive process requiring more than 20 enzymes. Nearly
all genes encoding cholesterol synthesis enzymes can be targeted by
sterol regulatory element-binding protein (SREBP) transcription factors,
which allows for coordinated activation of the pathway. However,
processes beyond synthesis regulate cellular cholesterol and may
explain the increase in free cholesterol we observed (Sharpe and Brown,
2013). Outside of the transcriptional response, disturbance to choles-
terol homeostasis may be produced by disrupting cholesterol transport
(i.e., import and export) (Maxfield and Wiistner, 2002), disruption to
cholesterol metabolism, or post-transcriptional regulation of cholesterol
synthesis enzymes (Sharpe and Brown, 2013). Future studies would
need to be conducted to elucidate the mechanism of cholesterol
accumulation.

Either increases or decreases in cholesterol can cause adverse effects
in both fish and mammals (Campos et al., 2016; Maerz et al., 2019;
Maxfield and Tabas, 2005). Interestingly, both depletion and excess
cholesterol loading have been implicated in disordered neuro-
development (Ko et al., 2005), suggesting that sustained excess choles-
terol in red drum could impair neurodevelopment. Previously, red drum
embryos exposed to SPAH5q 2.72 pg L~} slick oil displayed a reduced
optomotor response (OMR) at 12 days post-hatch relative to controls
(Magnuson et al., 2018). Complex neural networks drive OMR, and the
resulting behavioral response could be affected by impaired neural
development (Naumann et al., 2016). Additionally, larval red drum
exposed to DWH crude oil displayed increased risk-taking behavior and
reduced prey-capture ability, which again could be downstream of
impaired cognitive function (Rowsey et al., 2019). Together, these
studies suggest a link between neurological development and
higher-level behavioral changes which may influence ecological
survival.

Additionally, both increases and decreases in free cholesterol have
been shown to affect cellular ion movement in cardiomyocytes and other
muscle cells by direct or indirect interaction with ion channels (Levitan
et al.,, 2010, 2014). The currently proposed mechanism of cardiac
dysfunction in oil-exposed fish is through impairment of Ca?* and
K movement (Brette et al., 2014, 2017), resulting in reduced myocyte
contractility (Heuer et al., 2019). Therefore, a buildup of free cholesterol
due to oil exposure could disrupt ion channel function and contribute to
cardiotoxicity. Ultimately, disruption of heart function can permanently
alter morphology and subsequent function (Incardona and Scholz,
2017).

In conclusion, previous studies have shown species- and stage-
dependent impacts of oil on cholesterol and/or sterols but could not
differentiate between nutrients contained in the unused yolk-sac and
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those utilized by the developing larvae (Laurel et al., 2019; McGruer
et al., 2019). The present study found that free cholesterol levels are
elevated in red drum larvae at a stage where the yolk-sac has been
largely absorbed, indicating potential developmental consequences.
However, the mechanisms by which cholesterol is elevated are un-
known, and the downstream effects of elevated cholesterol should be
considered further.
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