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• PbTx-2 is toxic to embryos of both
zebrafish and mahi-mahi.

• Embryotoxicity was observed at envi-
ronmentally relevant concentrations.

• PbTx-2 altered levels of metabolites as-
sociated with neurotoxicity and energy
metabolism.

• An integrated systems-level model of
toxicity of PbTx-2 was enabled bymeta-
bolic profiles.

• Metabolic profiles suggest potential bio-
markers for environmental monitoring.
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Brevetoxins (PbTx) are awell-recognized group of neurotoxins associatedwith harmful algal blooms, and specif-
ically recurrent “Florida Red Tides,” in marine waters that are linked to impacts on both human and ecosystem
health including well-documented “fish kills” andmarinemammalmortalities in affected coastal waters. Under-
standing mechanisms and pathways of PbTx toxicity enables identification of relevant biomarkers to better un-
derstand these environmental impacts, and improve monitoring efforts, in relation to this toxin. Toward a
systems-level understanding of toxicity, and identification of potential biomarkers, high-resolution magic angle
spinning nuclear magnetic resonance (HRMAS NMR) was utilized for metabolic profiling of zebrafish (Danio
rerio) embryos, as an established toxicological model, exposed to PbTx-2 (themost common congener inmarine
waters). Metabolomics studies were, furthermore, complemented by an assessment of the toxicity of PbTx-2 in
embryonic stages of zebrafish and mahi-mahi (Coryphaena hippurus), the latter representing an ecologically
and geographically relevantmarine species of fish, which identified acute embryotoxicity at environmentally rel-
evant (i.e., parts-per-billion) concentrations in both species. HRMAS NMR analysis of intact zebrafish embryos
exposed to sub-lethal concentrations of PbTx-2 afforded well-resolved spectra, and in turn, identification of 38
metabolites of which 28 were found to be significantly altered, relative to controls. Metabolites altered by
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PbTx-2 exposure specifically included those associated with (1) neuronal excitotoxicity, as well as associated
neural homeostasis, and (2) interrelated pathways of carbohydrate and energymetabolism. Metabolomics stud-
ies, thereby, enabled a systems-level model of PbTx toxicity which integratedmultiple metabolic, molecular and
cellular pathways, in relation to environmentally relevant concentrations of the toxin, providing insight to not
only targets andmechanisms, but potential biomarkers pertinent to environmental risk assessment andmonitor-
ing strategies.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Brevetoxins (PbTx) are a group of neurotoxic metabolites primarily
produced by the marine dinoflagellate, Karenia brevis, in association
with algal blooms (i.e., “Red Tide”) in the Gulf of Mexico, and along
the southeastern coast of Florida where they have been linked to intox-
ications of marine animals, and adverse effects on human health
(Baden, 1989; Landsberg, 2002; Kirkpatrick et al., 2006; Watkins et al.,
2008). Structurally, brevetoxins are trans-fused cyclic polyethers
which are separated into two types, Type A and Type B, with the
major congeners being PbTx-1 and PbTx-2, respectively, and the latter
being the most abundant form found in seawater (Pierce et al., 2010).
Red Tide blooms are typically found to produce cell-free concentrations
of PbTx variants in parts-per-billion to parts-per-million range (Buck
and Pierce, 1989; Pierce et al., 2003; Pierce et al., 2005). Notably, how-
ever, it has been previously shown that PbTx may further concentrate
at the sea surface, and uppermost layers of the marine water column,
potentiating both aerosolization of the toxin (Pierce et al., 2003), and
possible exposure of buoyant early-life stages of marine fish and inver-
tebrates which are localized to these upper layers (Rumbold and
Snedaker, 1999). Human exposure to PbTx can result from aerosoliza-
tion of toxin-containing water, as well as ingestion of contaminated
shellfish. In the latter case, foodborne exposure is associated with Neu-
rotoxic Shellfish Poisoning (NSP) which is characterized by a range of
both gastrointestinal and neurological symptoms (Watkins et al.,
2008), whereas aerosolized PbTx has been largely linked to respiratory
distress and related symptomology (e.g., burning of eyes and throat;
Kirkpatrick et al., 2006). Blooms of PbTx-producing K. brevis are, how-
ever, most frequently associated with adverse effects on marine animal
populations including mass mortality of fish (i.e., “fish kills”), and ma-
rine mammals including dolphins and manatees (Landsberg, 2002;
Fire et al., 2015; Driggers et al., 2016), and numerous studies have, in-
deed, documented toxicity to fish (Rein et al., 1994; Kimm-Brinson
and Ramsdell, 2001; Lu and Tomchik, 2002; Colman and Ramsdell,
2003; Choich et al., 2004; Bourdelais et al., 2005; Salierno et al., 2006;
Bakke and Horsberg, 2007; Nam et al., 2010; Tian et al., 2011;
Dorantes-Aranda et al., 2015; Lydon et al., 2020). Accordingly, fish
(and other marine animals) represent potential “sentinel species” for
understanding the role of PbTx toxicity in these ecosystems (i.e., risk as-
sessment), as well as environmental monitoring strategies.

Identification of biochemical, molecular and cellular targets - as po-
tential biomarkers - of PbTx is a key strategy (as it has been, likewise, rec-
ognized for a wide range of toxicants; Hagger et al., 2006) to improve
environmental risk assessment and monitoring. And while details of the
primary molecular targets of PbTx, particularly in relation to its recog-
nized neurotoxic (i.e., “excitotoxic”) activity, have beenwell investigated,
a holistic view of the pathways of toxicity, in this regard, has remained
elusive. The neurotoxicity of PbTx has been generally well-established
to result primarily from binding to voltage-gated sodium channels
(VGSC) causing theprolongedopening of the sodiumchannel, and specif-
ically, the inability to inactivate the open channel leading to sustained de-
polarization of neural cells (Lombet et al., 1987; Trainer et al., 1993;
Berman and Murray, 1999). Depolarization, as a result of VGSC binding,
in turn, leads to several downstream neurochemical effects such as the
enhanced release of glutamate leading to overstimulation of NMDA
2

receptors (NMDAR), and an uncontrolled influx of Ca2+ into postsynaptic
cells. While VGSC-binding has been rather clearly elucidated as a target
for neurotoxic effects, the role of this mechanism in other symptomology
including, for example, respiratory distress and associated effects re-
mains, however, unclear (Kirkpatrick et al., 2004). Previous studies
(e.g., Dechraoui et al., 1999) have, likewise, observed that the acute tox-
icity of PbTx in animal (i.e., mouse) models is not entirely correlated to
their affinity for the VGSC, and have, thus, suggested that there are possi-
bly othermechanisms thatmay contribute to toxicity. And recent studies,
in fact, have pointed to other potentially relevantmodes of action includ-
ing, for example, oxidative stress via apparent thioredoxin reductase-
based mechanisms (Tuladhar et al., 2019), and effects on the immune
system (Pierre et al., 2018).

Given the apparent multimodal and multifaceted toxicity of PbTx
(and, indeed, that of many other toxins), it is important to gain a better
understanding of toxicity beyond conventional molecular toxicology
models which typically focus on selected endpoints, and move toward
a systems biology approach to better understand the holistic and inte-
grated effects at the cellular and/orwhole organism level. This approach
has been increasingly realized, in particular, through various “omics”
studies. A handful of attempts have, indeed, been made to understand
the toxicity of PbTx from such an approach. Tian et al. (2011), for exam-
ple, utilized matrix-assisted laser desorption/ionization tandem time-
of-flight mass spectrometry (MALDI-TOF/TOF MS) for ex vivo analysis
of brain extracts from the teleost fish model, medaka (Oryzias latipes),
to study proteomic modifications after exposure to PbTx-1, and found
that numerous proteins connected to Ca2+ ion binding were altered,
alongside down-regulation of several proteins involved in cell protec-
tion.More recently, Yau et al. (2019) investigated changes in the neuro-
transmitter profiles ofmedaka exposed to PbTx-1 by LC-MS/MS analysis
of brain extracts, and identified changes in several metabolites associ-
ated with VGSC and activation of NMDAR, as well as cholinergic neuro-
transmission. Notably, these studies (and the present) focus on fish as
ecologically relevant receptors of PbTx, and thus, have direct relevance
to ecotoxicology and other environmental assessments (e.g., risk assess-
ment, monitoring)

Onemetabolomics approachwhichhas recently shown considerable
promise, in this regard, has been the use of nuclear magnetic resonance
(NMR), and particularly high-resolution magic angle spinning (HRMAS)
NMR, which enables metabolic profiling of intact cells, tissues and
whole organisms (Gogiashvili et al., 2019; Lucas-Torres and Wong,
2020). Briefly, stated HRMAS NMR employs spinning of samples at the
so-called “magic angle” (θm = 54.74°) relative to the magnetic field,
as well as specialized field gradients, to minimize or eliminate
interactions including anisotropic, dipolar and quadrupolar effects,
enabling highly resolved spectra of compound mixtures in complex
matrices. In the context of metabolomics, this approach allows diverse
metabolic profiles to be resolved, quantified and identified within
complex biological matrices including intact organisms: most recently,
this approach has been specifically employed to investigate
modulation of metabolic profiles by various toxicants in early life
stages, i.e., embryos and larvae, of the zebrafish (Danio rerio). Zebrafish
embryo and larval stages have, in general, been well established as a
toxicological model, and toxicity assays based on this model system
have been developed and applied to the assessment of a wide range of
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environmental toxicants including biotoxins and environmental pollut-
ants (Berry et al., 2016; Bambino and Chu, 2017; Lydon et al., 2020), and
when coupled to HRMASNMRmetabolic profiling have been effectively
used to elucidate integrated pathways of toxicity for these (Roy et al.,
2017; Zuberi et al., 2019; Gebreab et al., 2020). In addition to character-
izing pathways of toxicity, the suite of metabolites altered by these
toxins, furthermore, enables potential identification of biomarkers of
exposure and effect, and therefore, has direct value to environmental
monitoring and risk assessment efforts.

In the present study,we utilizedHRMASNMR-basedmetabolic profil-
ing of intact zebrafish embryos to identify metabolic perturbations
associated with exposure to PbTx-2. Metabolomics analyses were,
furthermore, coupled to an assessment of acute toxicity in embryonic
stages of both zebrafish andmahi-mahi (Coryphaena hippurus), the latter
being an ecologically (i.e., marine) and geographically representative
(i.e., endemic to the Gulf of Mexico) species, in order to relate
toxicometabolomics to potential impacts on relevant ecological recep-
tors. While toxicity in relation to teleost fish models, in general, has
clear relevance to understanding ecotoxicology of PbTx, effects on early
life stages offish represent especially pertinent receptors as toxicity in re-
lation these stages can, in turn, have direct effects on ecosystems includ-
ing, in particular, population recruitment. Studies were, moreover,
conducted in the context of environmentally relevant concentrations of
PbTx, and thus, may be directly translatable to such ecotoxicological im-
pacts. This approach, thereby, enabled a system-level characterization of
the toxicological pathways, and identification of potential biomarkers, of
PbTx-2 in environmentally relevant systems. And based on the data ob-
tained, an integrated model of this toxicity, in these system, with conse-
quently direct relevance to ecotoxicology, risk assessment, and
identification of biomarkers for monitoring is proposed.

2. Materials and method

2.1. Fish rearing and breeding/spawning

For toxicity testing, zebrafish (Danio rerio) embryos (PSA line) were
obtained from the University of Miami Rosenstiel School of Marine and
Atmospheric Science (UM RSMAS). Rearing and breeding of zebrafish
followed previously described procedures (Weiss-Errico et al., 2017;
Gebreab et al., 2020). Collected eggs were washed with system water,
and transferred to Petri dishes (~120 per “stock” plate) containing ap-
proximately 30 mL of E3 medium (Brand et al., 2002). Prior to 72 hour
post-fertilization (hpf) exposure, embryos were kept in an incubator
(14 h light: 10 h dark, 28 °C), and examined daily to remove any dead
or moribund embryos. To facilitate transfer (to test plates), unhatched
embryos were typically transferred to wells of test plates prior
(~48 hpf) to the 72-hpf exposure. Rearing and breeding was conducted
based on protocols approved by University of Miami's Institutional An-
imal Care and Use Committee (UM IACUC, 20-006 LF), and performed
by trained personnel.

For NMR metabolomic studies, zebrafish (OBI/WIK line) embryos
were obtained from Helmholtz Centre for Environmental Research
(UFZ; Leipzig, Germany). Rearing of adult zebrafish occurred in
recirculating aquarium systems, and under previously described proce-
dures (vanAmerongen et al., 2014). Breeding included the placement of
three adult males and four females in breeding tanks containing mesh
egg traps (Ehret GmbH, Emmendingen, Germany) the night prior to col-
lection. Eggs obtained the followingmorningwere observed for any un-
fertilized/dead embryos and removed prior to adding ~120 embryos to
each petri dish containing 40 mL of fresh embryo medium (ISO, 2008)
and placed in an incubator with a light cycle of 14 h light: 10 h dark at
28 °C. Each day, dead or disfigured embryos were removed prior to ad-
dition of fresh embryo medium. All experimental procedures were per-
formed in agreement with German animal protection standards and
approved by the Government of Saxony, Landesdirektion Leipzig,
Germany (Aktenzeichen 75-9185.64).
3

Embryos of mahi-mahi (Coryphaena hippurus) were obtained from
wild-caught, mating pairs spawned in the UM RSMAS Experimental
Hatchery (UMEH). The wild-caught mahi-mahi broodstock were col-
lected from water offshore of Miami, Florida and were transported, ac-
climated, and spawned according to protocols detailed by Stieglitz
et al. (2017). Line-caught fish were transported, as described (Stieglitz
et al., 2017), at 26-28 °C until being transferred to quarantine tanks,
and subsequently maturation tanks where broodstocks of mahi-mahi
weremaintained in two 15,000-L fiberglass tanks outfitted with seawa-
ter inflows (25–28 °C), and fed daily with a mixture of chopped squid,
mackerel, and sardines (Nelson et al., 2016; Kloeblen et al., 2018;
Stieglitz et al., 2017). Broodstocks were spawned after 11 days post-
capture, and fertilized eggs (i.e., embryos) produced from these
spawning events were collected 4–6 h post-spawning, rinsed in UV-
sterilized seawater, and transported in a cooler (~30 min transit time)
to FIU laboratories for exposure and toxicity testing. All breeding of
mahi-mahi was conducted under protocols approved by the UM
IACUC (18-052 LF).

2.2. Toxicity of PbTx-2 in zebrafish and mahi-mahi embryos

To evaluate acute toxicity, in general, and additionally establish ex-
posure concentrations for HRMAS-NMR experiments, embryotoxicity
(i.e., lethality) was assessed for zebrafish embryos (PSA line) exposed
over a concentration range of PbTx-2 (Cayman Chemical, Ann Arbor,
MI U.S.A.) at 72 hpf as per previously established and validated proto-
cols (Berry et al., 2007; Weiss-Errico et al., 2017; Gebreab et al., 2020;
Lydon et al., 2020). Prior to assays, an exposure concentration range
(2, 5, 7.5, 10, 15, 20 and 25 nM PbTx-2) was established in preliminary
studies. Subsequently, exposures were conducted in triplicate (N = 3)
in polypropylene 24-well plates (Evergreen Scientific, Los Angeles, CA)
with each well containing 5 embryos (n = 5) in 1-mL of E3 medium.
An exposure time of 24 h at 72 hpf was selected to allow for the devel-
opment of vital organs and the nervous system (de Esch et al., 2012),
but minimize any chronic effects associated with exposure including
general moribundity of embryos. Embryo lethality was determined
based on the cessation of movement and absence/presence of heartbeat
using a dissecting light microscope.

Embryotoxicity of PbTx-2 towardmahi-mahi embryos (48 hpf), and
specifically lethality, was evaluated based on methods adapted, with
several modifications, from zebrafish toxicity assays. Mahi-mahi em-
bryos (≤12 hpf) were distributed into 24-well plates with one embryo
per well in a total volume of 1 mL of bio-filtered seawater (i.e., 10-μm
filtered hatchery system water) into which PbTx-2 was diluted (at
24 hpf). Following preliminary exposure trials, an effective exposure
concentration range of 11–67 nM (i.e., 10, 20, 30, 40, 50, and 60 μg/L)
PbTx-2 was established for toxicity assays. Each test plate included 6
control wells per plate, and 3 treatments (6 wells each, n = 6) with
each treatment tested in duplicate (i.e., 2 plates). Assay plates were
kept in an incubator on a 16:8 day/night cycle at 25 °C, and observed
up to 48 h. Mortality (based on absence of heartbeat, and cessation of
movement) was recorded at 48-h using a light microscope. Embryonic
development was additionally observed to identify any developmental
abnormalities which were photographically documented.

Median lethal concentrations (LC50) were calculated for both spe-
cies using Probit analysis in SPSS (version 26.0; IBM Corporation,
Armonk, NY, USA), and statistically compared based on overlap of calcu-
lated 95% confidence intervals. All toxicity assayswere conducted at FIU,
under protocols approved by the FIU Animal Care and Use Committee
(IACUC-19-085 and IACUC-19-104 for mahi-mahi and zebrafish em-
bryos, respectively).

2.3. Exposure of zebrafish embryos for HRMAS-NMR

Exposures for HRMAS-NMR analysis were performed, as previously
described (Zuberi et al., 2019), using 72-hpf zebrafish embryos exposed
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to 5.5 nM PbTx-2. Embryos (~120 per dish)were specifically exposed to
PbTx-2, alongside negative controls (5 μL of solvent, i.e., MeOH, only), in
25 mL of ISOmedium in 100-mm polystyrene Petri dishes. After 96 hpf,
zebrafishwere checked formortality (and any dead embryos removed),
washed 3-times with MilliQ water to remove any residual PbTx-2, and
100 embryoswere transferred to a 4-mmzirconiumoxide rotor (Bruker
BioSpin AG, Switzerland) inwhich 10 μL of deuterated phosphate buffer
(100 mM, pH 7.0) containing 0.1% (w/v) 3-trimetylsilyl-2,2,3,3-
tetradeuteropropionic acid (TSP) was added as a chemical shift refer-
ence. All exposures were done in triplicate (N = 3).

2.4. HRMAS NMR analysis

Metabolic profiling by HRMAS NMRwas performed as adapted from
previous studies (Berry et al., 2016; Roy et al., 2017; Zuberi et al., 2019;
Gebreab et al., 2020). All NMR experimentswere done on a Bruker DMX
600-MHz NMRmagnet with a proton resonance frequency of 600 MHz,
which was equipped with a 4-mm HRMAS dual 1H/13C inverse probe
with a magic angle gradient and spinning rate of 6 kHz. Measurements
were carried out at a temperature of 277 K using a Bruker BVT3000 con-
trol unit. Acquisition and processing of data were done with Bruker
TOPSPIN software (Bruker Biospin GmbH, Germany). The 1H HR-MAS
NMR spectra were recorded using a standard Bruker pulse sequence
“zgpr” (from Bruker's pulse program library) with water pre-
saturation. Each 1D spectrum was acquired applying a spectral width
of 12 kHz, time domain (TD) data points 4 k, number of averages 128
with an acquisition time of 170 ms, and a relaxation delay of 2 s. All
spectra were processed by an exponential window function corre-
sponding to a line broadening of 1 Hz, and zero-filled, prior to Fourier
transformation, using TOPSPIN 3.1 (Bruker Biospin GmbH, Germany).
Total analysis time (including sample preparation, optimization of
NMR parameters, and data acquisition) of 1H-HRMAS NMR spectros-
copy for each sample was approximately 20 min. Sample spinning
was 4 min 42 s, and integrity of embryos was not observably affected.

2.5. HRMAS NMR data analysis

Spectrawere referenced, baseline- and phase-corrected, and analyzed
byusing TOPSPIN3.1 (Bruker BiospinGmbH,Germany). Quantification of
metabolites was performed by Chenomx NMR Suite 8.2 (Chenomx Inc.,
Edmonton, Alberta, Canada). This enabled qualitative and quantitative
analysis of NMR spectra by fitting spectral signatures from the Human
Metabolome Database (HMDB) to each spectrum. The 600-MHz library
fromChenomxwas utilizedwhich uses the concentration of a known ref-
erence signal (in our case TSP) to determine the concentration of individ-
ual compounds. Profiling of the HRMAS NMR spectrum from embryos
was accomplished using the Profiler module: essentially, a Lorentzian
peak shape model of each metabolite is generated from the HMBD infor-
mation, and superimposed upon the actual spectrum. The area of the
peaks fromeachmetabolite is directly related to its abundance. The linear
combination of allmetabolites gave rise to the total spectralfit, which can
be evaluated with a summation line (see Supplementary Fig. S1). The
concentrations of metabolites were subsequently calculated based on a
ratio relative to tCr (as previously described; Zuberi et al., 2019). Statisti-
cal analysis of NMR quantification was done using OriginPro v. 8 (North-
ampton, USA). Differences in individual metabolites were evaluated
using one-way analysis of variance (ANOVA) with a Tukey post-hoc cor-
rection formultiple comparisons. A p-value< 0.05was considered signif-
icant. To check the false discovery rate, the p-values were corrected for
multiple testing, and q-values were obtained using the Benjamini-
Hochberg method (Benjamini and Hochberg, 1995). Levene's test was
performed for homogeneity of variance analysis, which indicated that
the population variations were not significantly different.

For multivariate analysis, SIMCA software package (Version 14.0,
Umetrics, Umeå, Sweden) was used. Bucket tables were generated
from the one-dimensional spectra of control and PbTx-2 treated
4

embryos using MestReNova v.12.0.4 (Mestrelab research S.L., Spain).
The spectral region between 4.20 and 6.00 ppmwas excluded to remove
the larger water signal. One-dimensional spectra were normalized to
the total intensity and binned into buckets of 0.04 ppm. To compensate
for the differences in the overall metabolite concentration between
individual samples, the data were mean-centered and scaled using the
Paretomethod in the SIMCA software package. Both unsupervised prin-
cipal component analysis (PCA) and supervised partial least-squares
discriminant analysis (PLS-DA) were performed on the data using the
SIMCA software. The model validation and significance were deter-
mined from the R2 value (that indicate how well the model fits the
data), and Q2 value (that is a measure of how well the model predicts
new data).

2.6. Ex vivo quantitation of glutathione in zebrafish embryos

Reduced glutathione (GSH)wasmeasured ex vivo in extracts of PbTx-
exposed and control embryos. Extracts of both treated (5.5 nM PbTx-2)
and control zebrafish embryos (96 hpf) were prepared in 5% 5-
sulfosalicylic acid, and after centrifugation at 5000 rpm for 5 min, the su-
pernatant used for GSH quantification using an assay kit (Sigma-Aldrich,
St. Louis, MO, U.S.A.), according to manufacturers' instruction. Briefly, ex-
tracts (10 μL) of control and PbTx-treated embryos were distributed to
the 96-well plates and mixed with 150 μL of a working solution which
consists of reaction buffer, diluted GSH reductase (enzyme) and 5,5′-
dithiobis-2-nitrobenzoic acid (DTNB). After mixing and incubating for
5 min at room temperature, 50 μL of NADPH solution (160 μg/mL) was
added to eachwell, and incubated again for 20min. Reduced GSH causes
a continuous reduction of DTNB to 5-thio2-nitrobenzoic acid (TNB), and
the oxidized glutathione (GSSG) formed is recycled by glutathione reduc-
tase andNADPH. The yellowproduct (TNB)wasmeasured spectrophoto-
metrically at 412 nm using a multiplate fluorimeter (Tecan Infinite 200
Pro, Männerdorf, Switzerland).

2.7. Visualization of reactive oxygen species (ROS) in zebrafish embryos

Reactive oxygen species (ROS) generation in the control and PbTx-
treated (5.5 nM) zebrafish embryo was visualized in intact zebrafish
embryos using the probe chloromethyl-2′,7′-dihydrodichlorofluorescein
diacetate (CM-H2DCFA) (Invitrogen™ LSC6827), as a nonfluorescent
cell-permeative compound. Intracellular esterases subsequently cleave
the acetate groups such that the nonfluorescent dye 2′,7′-
dichlorofluorescein (DCF) is retained intracellularly, and in turn, is oxi-
dized by intracellular ROS, and thus becomes fluorescent. At 96 hpf,
CM-H2DCFA (1 mM solution in 4% DMSO) was added to control and
PbTx-treated (5.5 nM for 24 h) zebrafish embryos in embryo medium
(ISO, 2008) to a final concentration of 10 μM, and incubated for another
60 min. Subsequently, embryos were washed 3 times with embryo me-
dium to remove excess CM-H2DCFA in the medium. Embryos were
then placed on a borosilicate glass coverslip slide in a solution containing
buffer with ethyl 3-aminobenzoate methanesulfonate (1 mg/mL). After a
three-minute delay to ensure a steady-state level of anaesthesia, images
were captured using an inverted laser-scanning confocal microscope
(Leica DMi8/TL LED, Leica Microsystems CMS GmbH) with an excitation
wavelength of 485 nm, and emission wavelength of 530 nm. Images
were acquired using a Leica HC PL Apo CS2 (5×/0.15 Dry) objective, and
Leica Application Suite X (LAS X) software package version 3.1.5.

3. Results and discussion

3.1. Toxicity of PbTx-2 in zebrafish and mahi-mahi embryos

Acute toxicity of PbTx-2 was evaluated in embryonic stages of labo-
ratory raised and bred zebrafish, and wild-caught, and hatchery-
spawned, mahi-mahi. Zebrafish including, in particular, early life stages
(i.e., embryos, larvae) are a well-established vertebrate toxicological



Fig. 1. Dose-dependent acute toxicity of PbTx-2 in early life stages of zebrafish (Danio
rerio) and mahi-mahi (Coryphaena hippurus). Toxicity assessed based on mortality for
embryos exposed to PbTx-2 by direct immersion in test solutions, and observed at
96 hpf (24 h exposure) and 48 hpf (48 h exposure), respectively, for D. rerio and
C. hippurus. Log concentration based on nanomolar (nM) concentrations of PbTx-2.
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model, and accordingly, assays for toxicity based on this species (such as
those employed herein) have beenwidely developed, and applied to as-
sess a range of environmental toxicants (Berry et al., 2007; Bambino and
Chu, 2017; Weiss-Errico et al., 2017; Gebreab et al., 2020; Lydon et al.,
2020). That said, while the zebrafish represents a useful laboratory
model, neither the species itself, nor the established laboratory lines of
the species, are especially representative of environmentally relevant
(i.e., marine) fish as ecological receptors for brevetoxins. The present
study, therefore, leveraged the unique availability of mahi-mahi em-
bryos from eggs, spawned within a hatchery, from wild-caught mating
pairs to develop and apply toxicity assays (based on those previously
developed for zebrafish) to evaluate embryotoxicity of PbTx-2 in this
ecologically and commercially relevant species.

Although embryo and larval stages of mahi-mahi have been very
recently employed for toxicological assessment of a limited number
of environmental pollutants including, in particular, fractions from
crude oil associated with oil spills (e.g., Edmunds et al., 2015;
Esbaugh et al., 2016; Stieglitz et al., 2016; Nelson et al., 2016;
Perrichon et al., 2018; Heuer et al., 2019; Kirby et al., 2019), the pres-
ent study is the first to utilize this system to assess a relevant marine
biotoxin, and specifically PbTx-2 which, in fact, co-occurs with the
species within geographically relevant waters (e.g., Gulf of Mexico,
southeast Florida). Notably, measured concentrations of Type B
brevetoxins, including PbTx-2, in these regional marine waters
have been found to typically range from low parts-per-billion
(ppb) to parts-per-million (ppm), i.e., nM to μM (Buck and Pierce,
1989; Pierce et al., 2003; Pierce et al., 2005) which is consistent
with exposure concentrations evaluated in the current toxicity
studies. Furthermore, previous studies have identified PbTx in asso-
ciation with toxicity of sea surface microlayers (SSML) of regionally
relevant waters (Rumbold and Snedaker, 1999); and the SSML is, in
turn, a key habitat for early life stages (i.e., eggs, embryos and larvae)
of marine fish species including mahi-mahi (Wurl and Obbard,
2004). As such, the laboratory toxicity described here, with respect
to mahi-mahi, align with environmentally relevant exposure
concentrations in geographically and ecologically relevant marine
waters.

As physiology and development – and, thus, potential toxicological
endpoints – differ considerably between early life stages of the two spe-
cies, embryo lethality was assessed as a generalized measure of acute
toxicity. Among the developmental differences between the two spe-
cies, mahi-mahi develop more rapidly compared to the zebrafish:
while zebrafish typically hatch from chorion as eleutheroembryos at ap-
proximately 2–3 days post-fertilization (dpf), and subsequently reach
larval stages by approximately 7 dpf, embryo development and transi-
tion to larval stages in the mahi-mahi approximately occurs within
2 dpf (Perrichon et al., 2019). Median lethal concentration (i.e., LC50)
values were accordingly determined in these studies at 48 and 96 hpf,
respectively, for mahi-mahi and zebrafish which represent effectively
equivalent developmental (i.e., eleutheroembryo) stages for the two
species. It was shown (Fig. 1) that PbTx-2 was lethal to embryos of
both species at nanomolar concentrations with corresponding LC50

values for zebrafish and mahi-mahi, respectively, determined to be
11 nM (95% C.I. = 9.5–13 nM, 96 hpf) and 25 nM (95% C.I. =
19–32 nM, 48 hpf). Nomortalities were observed for untreated controls
for either species (or corresponding assay format). These results are
generally consistent with previous studies that have, likewise, iden-
tified a range of relevant toxic effects includingmortality, and behav-
ioral and physiological abnormalities (e.g., tachycardia, aberrant
swimming behavior of eleutheroembryos) indicative of neurotoxic-
ity, in zebrafish embryos and larvae over the same (i.e., nanomolar)
range of exposure concentrations of PbTx-2 (Lydon et al., 2020), as
well as toxicity of both Type A and B PbTx to other fish species
including both embryonic and adult stages (Shimizu et al., 1986;
Rein et al., 1994; Kimm-Brinson and Ramsdell, 2001; Colman and
Ramsdell, 2003).
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Notably, median lethal concentrations were significantly different
(p < 0.05) between the two species with higher embryotoxicity ob-
served for zebrafish. This differencemay simply reflect a higher sensitiv-
ity of the laboratory raised and bred zebrafish, compared to the wild-
caught and bred mahi-mahi. All previous studies (Pasparakis et al.,
2019; Gebreab et al., forthcomings) that have similarly compared toxic-
ity in the zebrafish and mahi-mahi embryos, however, have generally
identified a higher sensitivity of the latter. Studies of Deepwater Hori-
zon oil toxicity, for example, consistently revealed higher sensitivity of
mahi-mahi embryos and larvae compared to zebrafish (reviewed by
Pasparakis et al., 2019). One very recent study (Gebreab et al., forthcom-
ing), likewise, identified significantly higher acute toxicity (i.e., lower
LC50) of several perfluoroalkyl substances for similarly hatchery-
spawned mahi-mahi embryos compared to laboratory-reared and
bred zebrafish. Alternative explanations may include differential
toxicokinetics (i.e., uptake and bioavailability) related, for example, to
exposure media (i.e., saltwater versus non-saline medium), or may be
related to interspecific differences with respect to targets, mechanisms
or pathways of PbTx toxicity. One particularly compelling possibility,
in this regard, is the recognized difference in metabolic rates between
the two species in relation to the apparent effects of PbTx-2 on energy
metabolism, as observed in the present study (discussed below). In-
deed, with respect to the latter, metabolic rates of mahi-mahi embryos
have been previously found (Pasparakis et al., 2016) to be among the
highest reported for teleost fish. That said, possible factors involved in
the differential toxicity between the two species remain to be investi-
gated and confirmed in future studies.

Evaluation of toxicity in the zebrafish additionally enabled establish-
ment of suitable exposure concentrations, and other parameters
(i.e., developmental stage), for subsequent NMR-based metabolomics
studies in thismodel system. In these subsequent studies, sub-lethal ex-
posure concentrations were selected to avoid any non-specific effects
on metabolite profiles due to embryo mortality or morbidity while, at
the same time, providing an exposure adequate to elicit a quantifiable
metabolic response. Furthermore, an exposure window of 72 hpf was
established by these initial toxicity evaluations: at this stage,
eleutheroembryos have developed most major organ systems, and in
particular, key components (e.g., midbrain-hindbrain boundary, telen-
cephalon, mesencephalon, hypothalamus, primary and secondary
motor neurons) of the CNS as the presumptive target of PbTx-2. Accord-
ingly, in these subsequent metabolic profiling studies, 72-hpf embryos
were specifically exposed to 5.5 nM PbTx-2 for 24 h. At this exposure
concentration, only 6.7% mortality was observed, in toxicity assay,
which was not significantly different from untreated controls.



M. Annunziato, M.N.H. Eeza, N. Bashirova et al. Science of the Total Environment 803 (2022) 149858
3.2. Oxidative stress in zebrafish embryos exposed to PbTx-2

Oxidative stress as a mechanism for PbTx-2 toxicity was evaluated
based on the production ROS in zebrafish embryos. As shown in
Fig. 2A, increased levels of ROS were observed in embryos treated
with PbTx-2, compared to controls, and specifically in the brain region
including telencephalon,mesencephalon and cerebellum. This observa-
tion is consistent with both specific uptake and targeting of PbTx-2 to
the brain (and reported ability to readily cross the blood-brain barrier),
and consequent Ca2+ induced production of ROS bymitochondria asso-
ciated with GluR excitotoxicity. The increase in ROS may, furthermore,
be reflected by the highly significant (p < 0.001) decrease in GSH, a
well-recognized antioxidant, as measured by ex vivo colorimetric
assay of embryos (Fig. 2B).

3.3. Altered metabolic profiles of intact zebrafish embryos exposed to PbTx-
2 by HRMAS NMR

Well-resolved and quantitative HRMAS NMR spectra of intact
zebrafish embryos at 96 hpf (following 24-h exposure time) were ob-
tained (Fig. 3A–B), andwhen coupled tomultivariate analyses including
PCA (Fig. 3C–D) and PLS-DA (Fig. S2), revealed significant alteration of
numerous metabolites for PbTx-2 treated embryos, compared to un-
treated, i.e., solvent-only, controls (Fig. 3). Subsequent comparison to
the HMDB based on 1H NMR chemical shifts, supplemented by prior
2D NMR (e.g., 1H-1H COSY) analyses of zebrafish (e.g., Zuberi et al.,
2019), in turn, enabled unambiguous identification of these metabo-
lites.

In total, 38metabolites were resolved by HRMAS NMR, and of these,
significant changes (i.e., increase or decrease, p < 0.05) in 28 metabo-
lites were identified (Table S1). Of these, ten were found to decrease
whereas 19 were significantly increased. Significant increases were ob-
served for several metabolites related to energy metabolism including
glucose-1-phosphate (G1P, p < 0.001), lactate (Lac, p < 0.01), citrate
(Cit, p < 0.001), malate (Mal, p < 0.05) and α-ketoglutarate (αKG,
p < 0.005), along with total fatty acids (FA, p < 0.001) and cholesterol
(Chol, p < 0.001), and several amino acids including aspartate (Asp,
Control PbTx 2

Fig. 2. (A) Localization of reactive oxygen species (ROS) production in zebrafish embryos expose
in CM-H2DCFA (10 μM) in rearing medium. Control embryo (left), fluorescence image (top)
telencephalon; b, mesencephalon; c, cerebellum). Asterisk indicates fluorescent cells in the y
as compared to control embryos. Glutathione (GSH) levels in embryo (96 hpf) extracts we
reduction of GSH (p < 0.001, n = 6) in PbTx-2 treated embryo is clearly observed. (For interp
version of this article.)
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p < 0.001), asparagine (Asn, p < 0.005), glutamate (Glu, p < 0.001),
glycine (Gly, p < 0.001), tryptophan (Trp, p < 0.001), phenylalanine
(Phe, p < 0.001) and tyrosine (Tyr, p< 0.001). Increases were addition-
ally observed for the non-proteinogenic amino acid, taurine (Tau,
p < 0.001), and glycerophosphorylcholine (GPC, p < 0.01). Significant
decreases, on the other hand, were observed for choline (Cho,
p < 0.001), myo-inositol (m-Ins, p < 0.001), N-acetylaspartate (NAA,
p < 0.001), fumarate (Fum, p < 0.05) and glucose (Glc, p < 0.001), as
well as reduced forms of both nicotinamide adenine dinucleotide
(NADH, p < 0.001) and glutathione (GSH, p < 0.001), and the amino
acids glutamine (Gln, p < 0.001) and lysine (Lys, p < 0.001). Differential
alterations were notably observed among components of the
phosphagen system including decreased levels of creatine (Cr,
p < 0.001), but elevated levels of both phosphocreatine (pCr,
p < 0.001) and creatinine (CRN, p < 0.001). Taken together, these al-
tered metabolites generally align with several, relevant cellular targets
and metabolic pathways including (1) apparent targeting of neural
cells and associated neurochemical pathways, i.e., neurotransmission,
and (2) mitochondrial oxidative metabolism including interrelated car-
bohydrate and energy metabolism, and consequent oxidative stress. A
summary of the key metabolites associated with these pathways are
presented in Fig. 4. And based on the observed alterations of metabolic
profiles, an integrated model of the toxicity of PbTx-2 was thereby de-
veloped and proposed (see Fig. 5).

3.4. Integrated model of PbTx-2 toxicity based on metabolic profiling

Toxicological research spanning more than four decades (Baden
et al., 2005) has clearly identified modulation of VGSC as a primary tar-
get of neuronal “excitotoxicity,” and specifically allosteric binding to Site
5 of theα-subunit of neuronal VGSCwhich, in turn, inhibits inactivation
of the channel, resulting in sustained depolarization of neurons
(Watkins et al., 2008). The action potential resulting from activated
VGSC leads to influx of Ca2+ through presynaptic voltage-gated calcium
channels (VGCC), and the increase of intracellular Ca2+ subsequently fa-
cilitates fusion of vesicles, and consequent synaptic release of the excit-
atory neurotransmitter, glutamate (Glu), from neurons (see Fig. 5).
Control PbTx 2

d to PbTx-2 (5.5 nM) as compared to control embryos. Embryoswere incubated for 60min
and overlay with bright field image (bottom). Red arrows highlight the brain region (a,
olk sac. (B) Glutathione levels in zebrafish embryos exposed to PbTx-2 (5.5 nM for 24 h)
re analyzed by using GSH assay kit from Sigma-Aldrich. Asterisk indicates significant
retation of the references to color in this figure legend, the reader is referred to the web



Fig. 3. Representative HRMASNMR spectra showingmetabolic profile of control (A) and PbTx-treated (B) zebrafish embryos, andmultivariate analysis (C and D) of the HRMASNMR data
using unbiased principal component analysis (PCA)modelling (R2= 1, Q2= 0.999). The scores plot (PC-1 vs PC-2) explains ~70% of total variance of control embryos (1–6) clustering in
the negative PC-1 scores, and PbTx-treated (7–12) in the positive PC-1 scores (C). Loading plots of PC-1 (D). Abbreviations: Ala= alanine; Asp= aspartate; Chol= cholesterol; FA= fatty
acids; GSH= glutathione; GABA= g-aminobutyric acid; Glc= glucose; Glu= glutamate; Gln= glutamine; GPC= glycerophosphocholine; Gly= glycine; Lac= lactate; m-Ins=myo-
inositol; Phe = phenylalanine; PC = phosphocholine; Tau = taurine; tCr = total creatine; TMAO = trimethylamine N-oxide; Trp = tryptophan; Tyr = tyrosine.

Fig. 4. Summary of key metabolites altered between PbTx-treated and control zebrafish embryos with respect to metabolites associated with (A) neurotoxicity and neurotransmitters;
(B) lipid metabolism including total FA and Chol; (C) energy metabolism; and (D) protection against post-synaptic, Ca2+-induced oxidative stress, i.e., Tau and GSH. Proposed pathways
associated with metabolites are indicated, including metabolism of NAA, Glutamatergic and Cholinergic pathways, metabolism ofMonamine neurotransmitters, Glucose Metabolism, Citric
Acid Cycle oxidative phosphorylation (“Ox Phos”) and Phosphagen system, and β-oxidation (“β-Ox”). Abbreviations: NAA=N-acetylaspartate; Ace= acetate; Asp= aspartate, Glu= glu-
tamate; Gln = glutamine; Gly = glycine; Cho = choline; GPC = glycerophosphorylcholine; Phe = phenylalanine; Tyr = tyrosine; Trp = tryptophan; NADH = nicotinamide adenine
dinucleotide; ADP = adenosine diphosphate; ATP = adenosine triphosphate; Glc = glucose; G1P = glucose-1-phosphate; G6P = glucose-6-phosphate; Lac = lactate; Pyr = pyruvate;
Cit= citrate; Succ= succinate; Fum= fumarate;Mal=malate;αKG=α-ketoglutarate; Carn=carnitine; Cr= creatine; pCr=phosphocreatine; CRN=creatinine; Chol= cholesterol;
FA= fatty acids; Tau= taurine; GSH= glutathione. Metabolite concentrations expressed inmM, normalized to total creatine. Statistical significance: ap< 0.05, bp< 0.01, cp< 0.005 and
dp < 0.001.
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Accordingly, the activation of neurons by PbTx-2 has, indeed, been
shown to be associatedwith a concomitant increase in both Ca2+ influx
(Berman and Murray, 2000; LePage et al., 2003) and Glu release
(Berman and Murray, 1999). Glutamate released into synapses subse-
quently binds and activates glutamate receptors (GluR), and particu-
larly NMDA-type ionotropic GluR (NMDAR), initiating glutamatergic
pathways including postsynaptic influx of Ca2+ which triggers excit-
atory post-synaptic potentials (EPSP), alongside initiation of second
messenger systems including calmodulin and associated kinases to-
ward long- and short-term neurotransmission (Sheng and Jong Kim,
2002; Dravid et al., 2005). Among the known consequences of the
Ca2+ influx is altered mitochondrial metabolism including oxidative
phosphorylation that, in turn, leads to release of reactive oxygen species
(ROS) which can induce neural damage and cell death. In addition to
glutamatergic pathways, pre- and postsynaptic influx of Ca2+ may sim-
ilarly modulate other neurotransmitter pathways, as well as various as-
pects of neural homeostasis. Although alterations in numerous
biochemical (i.e., metabolite, protein) and molecular (e.g., gene expres-
sion) indicators, consistent with a role of these interrelated pathways,
have been reported in relation to the neurotoxicity of PbTx, an holistic
systems-level understanding of these, and perhaps other, pathways as-
sociated with toxicity of PbTx has remained elusive. Systems-level
models, however, are effectively enabled by metabolomics approaches,
such as the HRMAS NMRmetabolite profiling of intact embryos utilized
in the present study.

3.4.1. Neuronal targets of PbTx-2 toxicity
Of the metabolites altered by exposure to PbTx-2, several are, in-

deed, directly alignedwith presumptive targeting of neural cells. Signif-
icant decreases, for example, were observed for m-Ins and NAA
(Table S1 and Fig. 4A) that have both been previously established as
metabolic biomarkers of neurons and glia (Brand et al., 1993; Schuff
et al., 2006; Moffett et al., 2007; Harris et al., 2015). Though m-Ins is
found in other cell types, it ismost abundant and functionally important
in glia, and particularly astrocytes, where it contributes to osmotic bal-
ance, serves as a precursor to important phospholipids, is a key compo-
nent of cell membranes, and plays an important role in intracellular
signaling (Brand et al., 1993; Harris et al., 2015). On the other hand,
NAA is almost exclusively localized to neurons (where it is second
only to Glu in abundance), as well as associated oligodendrocytes
(Moffett et al., 2007), wherein it similarly serves as an osmolyte and
metabolic precursor including supply of acetate for lipids related tomy-
elin synthesis, and for mitochondrial energy production (Moffett et al.,
2013). Accordingly, alterations of both m-Ins and NAA have, in fact,
been employed in NMR, and other magnetic resonance-based tech-
niques, as clinical markers of neural damage (Schuff et al., 2006;
Holshouser et al., 2019). Although activation of GluR that accompanies
excitotoxicity of PbTx-2 is most frequently associated with neurons
(and consequent damage to these cells), it has become increasingly
clear that glial cells also express functional GluR (including AMPA, kai-
nite and NMDA-subtypes) such that Glu-mediated excitotoxicity may,
in addition, directly damage these neural cell-types (Matute et al.,
2007). And the significant decreases in both m-Ins and NAA are, there-
fore, aligned with both neurons and glia as targets of PbTx-2.
Fig. 5. (A) Integratedmodel of pre- and post-synaptic pathways, including role of neuromuscula
in relation to PbTx-2 excitotoxicity, and observedmetabolic changes in PbTx-treated zebrafish e
zebrafish embryos, relative to negative controls (i.e., solvent vehicle only), are indicated; see Fi
dium channel, VGCC=voltage-gated calcium channel,NMDA=NMDA receptor, CM=calmod
acid transporter, GS=glutamine synthetase, GlyT1=glycine transporter 1, GlyT2=glycine tra
glucose transporter 2, LDH= lactate dehydrogenase, ASPA= aspartoacylase; hTau = hypotau
amino hydroxylase,MAO=monoamine oxidase, AChR= acetyl choline receptor, PKA=prote
porter; AAA= aromatic amino acids, CA= catecholamine, ACh= acetylcholine, cAMP= cycli
hydrogenase, mAST = mitochondrial aspartate transaminase, PAG = phosphate-activated gl
LDH = lactate dehydrogenase, GCS = glycine cleavage system; AcCoA = acetyl CoA, Sacc =
for other metabolite abbreviations, see Fig. 4 legend, and Results and discussion text. Green and
of the references to colour in this figure legend, the reader is referred to the web version of th
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Interestingly, decreased NAA coincides with an observed increase in
Asp (Fig. 4A) as a building block of the neuronal biosynthesis of this
metabolite by N-acetyl transferase, and conversely, as a product of its en-
zymatic hydrolysis/deacetylation by aspartoacylase (ASPA) in oligoden-
drocytes. Although acetate (similarly a product of enzymatic hydrolysis
ofNAA, andprecursor ofNAAbiosynthesis) increased aswell, the increase
wasnot significant (Table S1); however, it is likely any increase inAce due
to altered biosynthesis or breakdown of NAAmight be counteredwith its
diversion (as acetyl CoA) into othermetabolic pathways including the tri-
carboxylic acid (TCA, or “citric acid”; Liu et al., 2018) cycle, and lipid bio-
synthesis (as discussed below). The reciprocal modulation of NAA and
Asp (and presumably Ace) may reflect disruption of neurons, and conse-
quent impairment of enzymatic NAA biosynthesis, or activation of the
subsequent hydrolysis of NAA within oligodendrocytes, or perhaps both,
as targets of PbTx-2 (Fig. 5). The latter is particularly compelling as CNS
myelination is dependent on fatty acid synthesis via NAA-derived acetate,
specifically supplied by ASPA, in oligodendrocytes (Francis et al., 2012;
Dimas et al., 2019), and GluR-mediated excitotoxicity has, in turn, been
linked to myelin damage, specifically at key paranodal regions (Matute
et al., 2001; Fu et al., 2009). Supporting this possible mechanism, it has
beenpreviously shown that increased synaptic Glu significantly increased
expression of ASPA in oligodendrocytes, while inhibition of NMDAR sig-
nificantly decreased expression, over a relevant (e.g., 8 h) time frame, sug-
gesting a direct link between activation of glutamatergic neurons (as for
PbTx-2 excitotoxicity) and rapid glial expression of ASPA toward produc-
tion of acetate for myelination (Francis et al., 2011). In the present study,
levels of lipids (inclusive of both Chol and FA) were, in fact, additionally
shown to be significantly increased with exposure to PbTx-2 (Fig. 4B).
As such, it is proposed that the observed decreased in NAAwith a concur-
rent increase in Asp and Ace (as hydrolysis products), and increases in
lipids (i.e., FA, Chol), may reflect an upregulated compensatory pathway
for lipid production in support of myelin repair by oligodendrocytes
resulting from PbTx-2 toxicity (Fig. 5).

Consistent with the overarching role of Ca2+ in the excitotoxicity, Tau
was significantly elevated in PbTx-2 treated embryos (Fig. 4D). Taurine
has been shown to reduce influx of Ca2+ into neurons through multiple
mechanisms including presynaptic VGCC and synaptic neurotransmitter
receptors (i.e., NMDAR), as well as from internal (i.e., endoplasmic reticu-
lum) pools, and to increase postsynaptic efflux of Ca2+ via Na+/Ca2+ ex-
changers (Chen et al., 2001; Leon et al., 2009; Wu and Prentice, 2010).
Increased Tau, therefore,would be consistentwith a compensatorymech-
anism to offset increased Ca2+ influx through presynaptic VGCC and/or
synaptic GluR in association with PbTx excitotoxicity. With respect to
the latter, Dravid et al. (2005) have demonstrated that PbTx-2 leads to
augmented Ca2+ influx through channels associated with NMDAR, and
in turn, it has been shown (Wu and Prentice, 2010; Chan et al., 2013;
Chan et al., 2014) that Tau inhibits this influx of Ca2+ through these
ionotropic receptors. Though it is clear that Tau acts by multiple mecha-
nisms to regulate intracellular Ca2+, themeans bywhich Tau biosynthesis
is regulated remains to be clarified. However, it has been suggested (Tang
et al., 1997) that Ca2+ activates the glial production of hypotaurine, as the
immediate precursor of Tau supplied to neurons, and the rate-limiting
biosynthetic step from cysteine via protein kinase C-mediated upregula-
tion of cysteine sulfinic acid decarboxylase (CSAD) in astrocytes (Fig. 5).
r junctions (B, inset), and (C) pathways associatedwithmitochondrial energymetabolism
mbryos. Relevant changes (i.e., increase= ↑, decrease= ↓) inmetabolites for PbTx-treated
g. 4 and Table S1 for summary of all metabolites. Abbreviations: VGSC=voltage-gated so-
ulin,NOS=nitric oxide synthetase, AS=asparagine synthetase, EAAT=excitatory amino
nsporter 2, PKC=protein kinase C, CSAD=cysteine sulfinic acid decarboxylase, GLUT2=
rine, Cys = cysteine, ROS = reactive oxygen species, NO= nitric oxide; AAAH= aromatic
in kinase A, PKC= protein kinase C, AChE= acetyl choline esterase, ChT= choline trans-
c adenosinemonophosphate; cAST=cytosolic aspartate transaminase,MDH=malate de-
utaminase, GDH = glutamate dehydrogenase, PDC = pyruvate dehydrogenase complex,
saccharopine, AAS = α-aminoadipate δ-semialdehyde, ROS = reactive oxygen species;
red lines indicate activation/upregulation and inhibition, respectively. (For interpretation

is article.)
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Interestingly, a number of Tau-conjugatedmetabolites of PbTx have been
previously identified as part of proposed detoxification mechanisms in
both vertebrate and invertebrate, i.e., shellfish, systems (Radwan et al.,
2005; Abraham et al., 2012; McNabb et al., 2012); and alternatively, or
additionally, elevated levels may thereby reflect upregulation of Tau bio-
synthesis toward phase II detoxification (i.e., conjugation).

Similarly aligned with downstream effects of excitotoxicity (and,
specifically, mitochondrial oxidative metabolism), GSH was signifi-
cantly decreased in PbTx-exposed embryos (Figs. 2B and 4D). Decreased
GSH, as a key antioxidant in neural cells and systems, likely reflects in-
creased oxidative stress, and in particular, ROS that are elevated as a re-
sult of increased oxidative phosphorylation by mitochondria following
EPSP, and subsequent post-synaptic Ca2+ influx associated with
excitotoxicity. Indeed, in vivo fluorescence visualization of ROS in 96-
hpf zebrafish embryo detected increased production of ROS, and ele-
vated ROS levels weremost prominent in the brain region including tel-
encephalon, mesencephalon and cerebellum (Fig. 2A) which further
supports CNS as being targeted in embryos at this stage. At the same
time, however, it has been shown (Washburn et al., 1996) that PbTx-2
induces glutathione-s-transferase that conjugates GSH to xenobiotics,
and subsequently shown, that PbTx-2 undergoes a rapid detoxification
via formation of several polar GSH-conjugates (Radwan et al., 2005).
This phase II detoxification of PbTx-2 was, furthermore, shown to be
similarly accompanied by a depletion of GSH (Walsh et al., 2009). As
such, it is proposed that observed reduction in GSH results from the
combined direct antioxidant activity, and concurrent depletion by con-
jugation and detoxification of PbTx-2, by glutathione-based pathways.

3.4.2. Alteration of neurotransmitter pathways
One of the most conspicuous metabolic changes observed for PbTx-

exposed embryos is a significant increase in Glu with a concomitant de-
crease in Gln (Fig. 4A). Glutamate is recognized as themost abundant ex-
citatory neurotransmitter, and moreover, is directly involved in the
excitotoxicity of PbTx-2 (Berman and Murray, 1999). And it is, thus,
clearly tempting to speculate the elevated levels of Glu reflect this
excitotoxicity. As a neurotransmitter, Glu is cycled between neurons
and astrocytes (as Gln) via thewell-described glutamate/glutamine shut-
tle: Glu released into synapses is taken-up by excitatory amino acid trans-
porters (EAAT) of astrocytes, wherein it is converted by glutamine
synthetase (GS) to Gln which is returned to neurons (Fig. 5) to be effec-
tively recycled by mitochondrial phosphate-activated glutaminases
(PAG) to Glu (Fig. 5). While the total concentration of Glu and Gln
(i.e., Glx) was not significantly altered (and was, indeed, nearly equal be-
tween PbTx-2 treated and control embryos), the Glu/Gln ratio is signifi-
cantly increased (Table S1) consistent with possible impairment of the
recycling of Glu.

It is, thus, proposed that the observed increase in Glu, and concomi-
tant decrease in Gln, may reflect one or more altered metabolic path-
ways. First, increased Glu/Gln may reflect elevated mitochondrial PAG
activity (Fig. 5C) that would increase Glu relative to decreased Gln (as
observed). Elevated PAG activity has been shown to accompany gluta-
mate release associated with excitotoxicity (Eid et al., 2007;
Fuchsberger et al., 2016), and moreover, it is well established that
Ca2+ activates PAG as a mechanism for increased glutamate production
and release (Kvamme et al., 1983; Albrecht et al., 2010). Aligned with
this pathway, a concomitant significant increase in αKG was observed,
alongside elevated Glu, in PbTx-exposed embryos: interconversion
(Fig. 5C) of Glu andαKG via transamination (ofαKG to Glu by aspartate
transaminases [AST]) and deamination (of Glu toαKG by glutamate de-
hydrogenase [GDH]) function, respectively, in the malate/aspartate
shuttle to transport NADH from glycolysis into mitochondria, and
anaplerotic entry (of αKG) into the citric acid cycle for production of
ATP via oxidative phosphorylation (discussed below).

Alignedwith sequential deamination of Gln, Glu andαKG - aswell as
the observed increase in Asp - a significant increase in Asnwas, likewise,
observed (Table S1). Deamination reactions of both Gln (to Glu) andGlu
10
(to αKG) are associated with production of NH3, and it is proposed,
therefore, that elevated Asn may both reflect the concurrent increase
in Asp, and shunting of ammonia to Asn via asparagine synthetase
(AS), as an alternative means (to GS which is typically linked to ammo-
nia homeostasis; Zhou et al., 2020) to maintain ammonia levels in the
context of the Gln/Glu/αKG conversion pathway. Indeed, deficiencies
in AS have been linked to neurodevelopmental defects (Ruzzo et al.,
2013), supporting a protective capacity of this enzyme.

Alternatively or additionally, however, it has been shown in previ-
ous studies (Kosenko et al., 2003) that Ca2+ overloading of postsynaptic
neurons can activate nitric oxide synthase (NOS) by way of a
calmodulin-dependent pathway, and that resulting nitric oxide (NO)
which can readily diffuse into astrocytes may covalently modify (by
nitrosylation or nitration) and inhibit activity of GS (Fig. 5), and conse-
quently decrease Gln relative to Glu as observed (Fig. 4A). Consistent
with this mechanism, it was previously shown that peripheral blood
mononuclear cells from rescued manatees exposed to Florida Red Tide
blooms produced significantly higher levels of NO than unexposed ani-
mals (Walsh et al., 2007). Furthermore, proteomics studies (Tian et al.,
2011) observed that GS was, in fact, down-regulated in medaka em-
bryos exposed to PbTx.

Alongside alterations of Glu metabolism, Gly was notably found to
be increased in PbTx-exposed embryos. Glycine is a requisite co-
activator of NMDA-type GluR. Synaptic levels of Gly are thought to be
maintained by uptake and release by glycine transporters (GlyT) associ-
ated with neurons (i.e., GlyT2) and glia (i.e., GlyT1), as well as catabo-
lism of Gly by the glycine cleavage system (GCS) which is localized to
the mitochondria of astrocytes (Ichinohe et al., 2004; Kikuchi et al.,
2008; Zafra et al., 2017). Although regulation of Gly, in relation to gluta-
matergic pathways, is not well understood, it has been shown that Glu
may act through non-NMDA GluR on astrocytes which (through in-
creased Na+ influx) generates localized membrane depolarization
that, in turn leads to efflux of Gly via GlyT1 (Harsing and Matyus,
2013). It is, thus, proposed that increased Gly parallels release of Glu
which both acts in concert with Gly at NMDAR, and at the same time,
regulates levels of Gly, as part of the integrated effects of PbTx-2
excitotoxicity on glutamatergic pathways (Fig. 5).

In addition to apparent alteration of glutamatergic pathways by
PbTx-2, changes in multiple metabolites are, likewise, suggestive of ef-
fects on other neurotransmitters. Among these, Cho levels were signifi-
cantly decreased (Fig. 4A) for PbTx-exposed embryos, relative to
controls. Choline has many cellular functions, serving as a component
of phospholipids, and as both an osmolyte and methyl donor, in many
cell types; in the CNS, however, it is a key component of the neurotrans-
mitter acetylcholine. Synaptic levels of acetylcholine are maintained by
the presynaptic biosynthesis (by choline acetyltransferase) and release,
and subsequent hydrolytic breakdown by synaptically abundant acetyl-
cholinesterase (AChE) that releases acetate and choline for reuptake
and recycling by neurons (Fig. 5B). Acetylcholine is, moreover, the key
neurotransmitter at neuromuscular junctions, and NMDAR (as the pri-
mary GluR associated with PbTx-2 excitotoxicity; Dravid et al., 2005)
have been found to be similarly localized to neuromuscular junctions.
Activation of NMDAR has, in turn, been shown (Grozdanovic and
Gossrau, 1997; Mays et al., 2009; Personius et al., 2016) to serve as a
source of Ca2+ for subsequent activation of NOS, and consequently,
NMDA-generated NO (which can readily diffuse from pre- and post-
synaptic neurons; Schuman and Madison, 1994) that has been shown
to act as an effective endogenous inhibitor of AChE (Petrov et al.,
2013). This coupling GluR activation to acetylcholine transmission is
consistent, in general, with other evidence that suggests synergistic in-
teractions between glutamatergic and cholinergic pathways (Frahm
et al., 2015).

Aligned with a role of cholinergic pathways, it has been previously
shown that PbTx enhances synaptosomal release of acetylcholine
(Nicholson and Kumi, 1991), and that AChE inhibitors potentiate PbTx-
induced muscle contractions, specifically via cholinergic pathways (Asai
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et al., 1982; Shimoda et al., 1988; Richards and Bourgeois, 2010).More re-
cently, a metabolomic study of medaka (Oryzias melastigma) exposed to
PbTx found similarly decreased levels of choline, and related this to effects
on cholinergic pathways (Yau et al., 2019), and a study of lemon sharks
(Negaprion brevirostris), exposed to PbTx-containing algal blooms of
K. brevis, specifically demonstrated a correlation between PbTx exposure
level and reduced cholinesterase activity (Nam et al., 2010). Moreover, it
has been previously proposed that cholinergic pathways (and their asso-
ciation with neuromuscular junctions) may underlie pulmonary and re-
spiratory symptomology associated with exposure to aerosolized PbTx
(Richards et al., 1990; Abraham et al., 2005). Accordingly, it is proposed
in the current study that the decrease in Cho observed in the present
study may, likewise, reflect either effects on acetylcholine biosynthesis,
and subsequent release, or alternatively, indirect (via NO) reduction of
the enzymatic hydrolysis of acetylcholine by AChE which, in turn, may
contribute to respiratory and pulmonary distress associated with PbTx.
Whereas previous studies (e.g., Nam et al., 2010) similarly point to a
role of AChE, the current study identified a concomitant increase in GPC
suggestive of a possible role of acetylcholine biosynthesis: GPC derived
from phosphatidylcholine has been shown to serve as a source of choline
for acetylcholine biosynthesis in neural cells (Blusztajn et al., 1987a,
1987b), and the observed increase, therefore, may be consistent with re-
duced production of choline (Fig. 5).

Further aligned with alterations of other neurotransmitter path-
ways, aromatic amino acids (AAA) including Trp, Phe and Tyr, were sig-
nificantly increased in PbTx-treated embryos (Fig. 4A). As essential
amino acids (i.e., obtained through diet, and not biosynthesized by ani-
mals), the biochemical mass balance and, thus, levels of AAA are solely
determined by hydrolytic release fromproteins and subsequent catabo-
lism, or alternatively, utilization as biosynthetic precursor. Catabolism
of AAA, specifically in support of energy metabolism, has been shown
to primarily localize to the liver, and although impairment of catabolism
via disruption of hepatocytes (i.e., hepatotoxicity) could, thus, explain
elevated levels, there is no previous evidence to suggest targeting of he-
patocytes by PbTx. Furthermore, trimethylamine N-oxide (TMAO), as a
putative biomarker of hepatotoxicity (identified in similar HRMASNMR
studies of the zebrafish embryo model, e.g., Zuberi et al., 2019 and
Gebreab et al., 2020), was notably unaltered by PbTx-2 exposure in
the present study (Table S1). Alternatively, AAA are known to be bio-
synthetic precursors of severalmonoamineneurotransmitters including
dopamine and epinephrine/norepinephrine (fromPhe/Tyr), and seroto-
nin (from Trp). The first committed and, moreover, rate-limiting step in
the biosynthesis of monoamines is specifically carried-out by AAA hy-
droxylases in neurons (Dickson and Briggs, 2013; Tidemand et al.,
2017). These hydroxylases have been shown to be sensitive to ROS, as
well as reactive nitrogen species (RNS, e.g., peroxynitrite) derived from
NO following requisite reactions with ROS (Radi, 2004), and it has
been suggested that oxidative state (including ROS and RNS) may
serve as a regulating factor for AAA hydroxylase activity and, thus,
monoamine neurotransmitter levels (Blanchard-Fillion et al., 2001;
Hussain andMitra, 2004). It is, therefore, proposed that oxidative stress
induced by PbTx-2 subsequently inhibits AAA hydroxylase leading to
the increased AAA levels observed (Fig. 5B).

Although such amechanism is plausible, it is confounded by the pre-
vious observations which suggest increased levels of catecholamines in
association with PbTx exposure. It was found, for example, that PbTx
leads to secretion of catecholamines (specifically accompanying Na+

and Ca2+ influx) by sympathetic nerve endings in association with car-
diovascular effects (Rodgers et al., 1984; Johnson et al., 1985; Wada
et al., 1992). In very recentmetabolomics study - specifically employing
LC-MS/MS - of medaka (Oryzias melastigma), it was similarly shown
that catecholamines (i.e., epinephrine) were, likewise, increased in
CNS neurotransmitter profiles (Yau et al., 2019). These neurotransmit-
ters themselves are not resolved by HRMAS NMR (in the present
study), so their levels in the current studies is unknown. However, the
observed increase of catecholamines (in these previous studies) may
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be reconciled by a previous observation regarding PbTx in the lemon
shark: in this study (Nam et al., 2010) activity of monoamine oxidase
(MAO) which degrade, and thereby inactivate, catecholamine (and
other monamine neurotransmitters) was negatively correlated
(i.e., reduced) with exposure to PbTx in K. brevis blooms. Thus, elevated
levels (as previously observed) may relate to inhibited removal (via
MAO), rather than increased production (Fig. 5B). It is, furthermore,
known that catecholamines serve as the key end-product feedback in-
hibitors of AAA hydroxylases (as the rate-limiting step their biosynthe-
sis), and as such, reduced degradation and, consequently, increased
levels of the neurotransmitters may additionally contribute (along
with ROS) to a further reduced biosynthesis, and elevated levels of
AAA precursors, as observed (Fig. 4A).

3.4.3. Perturbation of energy metabolism
Alongside alterations consistent with neurotoxicity, several features

of the metabolic profiles point to perturbation of energy metabolism
(Fig. 4C) in association with PbTx-2 exposure. Effects of excitotoxicity
on energy metabolism would not be surprising given the inordinately
high energy requirements of the CNS, in general, and the specifically
high portion of this energy budget (in the form of ATP) dedicated to
neuronal firing via voltage-gated ion channels, and subsequent Glu-
mediated pathways (Shulman et al., 2004; Vergara et al., 2019). With
respect to the intersection between excitotoxicity and energy metabo-
lism, Ca2+ has been shown (alongside an established role as a key me-
diator of the excitotoxic response) to upregulate a number of key
steps in mitochondrial energy metabolism including enzymes involved
in the TCA cycle (e.g., pyruvate dehydrogenase, isocitrate dehydroge-
nase, α-ketoglutarate dehydrogenase; Denton, 2009), the malate-
aspartate shuttle for transporting glycolysis-derived NADH to mito-
chondria (glutamate-aspartate transporter; Contreras et al., 2007), and
themitochondrial ATP-Mg/Pi carrier (Harborne et al., 2015). It is, there-
fore, proposed that increased calcium influx toward mitochondria, in
association with neuronal excitation by PbTx-2, is likely to contribute -
as a central intermediary - to the observed alterations of energymetab-
olism (Fig. 5).

Aligned with increased energy demands of excitotoxicity, the con-
comitant decrease in Glc, and increase in G1P, are clearly indicative of
elevated catabolism of the carbohydrates to meet these demands.
Whereas Glc is the primary currency of carbohydrate metabolism, in
general, G1P is exclusively associated with metabolism of glycogen in-
cluding both biosynthesis (i.e., glycogenesis) and degradation
(i.e., glycogenolysis). The concurrent alteration of the two metabolites
is, therefore, consistent with metabolic direction of both Glc and G1P
(derived, as the first step, from glycogenolysis) via glucose-6-
phosphate, as a common intermediate, toward glycolysis (Fig. 5). It
has been largely established that glycolysis, supplied by either Glc or
glycogenolysis (via G1P), predominantly occurs in astrocytes that spe-
cifically supply lactate (generated from pyruvate by lactate dehydroge-
nase) to neurons which, in turn, convert lactate to pyruvate for entry to
the TCA cycle (Deitmer et al., 2019). It has, furthermore, been shown
(Magistretti and Allaman, 2018) that glycolysis in astrocytes is, in fact,
closely linked to excitability (and, thus, excitotoxicity) of neurons, and
that both glucose transporters (i.e., GLUT1) and glycogen phosphorylase
(as the rate-limiting step of glycogenolysis) in astrocytes are specifically
activated by Ca2+ (Glaum et al., 1990; Loaiza et al., 2003). Consistent
with this, Lac was, in fact, significantly increased in PbTx-exposed em-
bryos (Fig. 4C). Downstream from glycolysis, Ca2+ is known to upregu-
late key components of the malate-aspartate shuttle including, in
particular, the glutamate/aspartate antiporter (GLAST; Palmieri et al.,
2001; Contreras et al., 2007) which serves to translocate NADH gener-
ated by glycolysis into the mitochondria for oxidative phosphorylation
(Fig. 5C). And, indeed, all of the keymetabolites associatedwith thema-
late/aspartate shuttle significantly increased in PbTx-exposed embryos
suggesting elevated activity of this pathway (Fig. 4C). At the same
time, Ca2+ is known to upregulate pyruvate dehydrogenase as the



M. Annunziato, M.N.H. Eeza, N. Bashirova et al. Science of the Total Environment 803 (2022) 149858
primary entry point for pyruvate (as acetyl CoA) into the TCA cycle
(Denton, 2009). It is, thus, proposed that increased Ca2+ influx both
serves to activate glycolysis in astrocytes (Fig. 5), and subsequently di-
rect cytosolic products of glycolysis (i.e., Pyr via Lac) into themitochon-
dria, and the TCA cycle, of neurons (Fig. 5C).

Of the metabolites associated with the TCA cycle, Cit, Mal and αKG
were found to be elevated, whereas Fum decreased, in PbTx-treated
embryos (Fig. 4C). Highly significant increases for Cit andαKG are nota-
ble given that the former is the entry point for acetyl CoA into the TCA
cycle, whereas the latter represents the key intermediate for anaplerotic
entry of Glu (via glutamate dehydrogenase) into the TCA cycle. Enzy-
matic steps both specifically preceding and immediately following
αKG (i.e., isocitrate dehydrogenase and α-ketoglutarate dehydroge-
nase, respectively) are, furthermore, known to be upregulated by Ca2+

(Contreras et al., 2007; Denton, 2009), and moreover, both enzymes –
as well as citrate synthase – are key regulatory steps of the TCA cycle.
The observed increase in Mal, and decrease in Fum, on the other hand,
likely reflect not only increased activity of the TCA cycle, in general,
but also a possible “bottleneck” due to limiting availability of
pyruvate-derived acetyl CoA to supply this activity. The potential limita-
tion of this primary substrate of the TCA cycle may, in fact, be reflected
by the lack of a significant increase (as discussed above) in acetate: a re-
cent study has specifically shown that during times of “hyperactive”
metabolismwhen demand is high, such as during excitotoxicity, acetate
can be directly utilized as an alternative supply of acetyl CoA to the citric
acid cycle (Liu et al., 2018). Interestingly, this study showed that this al-
ternative pathwaymay also utilize a “shunt” of Pyr to acetate by oxida-
tive decarboxylation, specifically utilizing ROS, and as such may
simultaneously act as a supplementary antioxidant during times of ox-
idative stress.

The concomitant increases in Glu and αKG is particularly conspicu-
ous as interconversion of the two metabolites is involved in both
anaplerotic entry to the TCA cycle, and the malate-aspartate shuttle
(Fig. 5). Alongside these key pathways, however, Glu andαKG are addi-
tionally known to be alternatively interconverted as part of the catabo-
lism of Lys, specifically by the saccharopine pathway (Fig. 5C). A role of
this metabolic pathway is suggested by the highly significant decrease
in Lys (Table S1) which, alongside observed increases in Glu and αKG,
is clearly indicative of the increased catabolism of this essential amino
acid in PbTx-exposed embryos (Table S1). Although the function of
the saccharopine pathway in animals is not well understood, it has
been recently shown to be the predominant catabolic pathway (local-
ized within mitochondria) for this amino acid in the brain (Hallen
et al., 2013; Crowther et al., 2019), and along with a presumptive role
in lysine homeostasis (which can, in turn, contribute to mitochondrial
dysfunction), supplies both NADH and two equivalents of acetyl CoA
(Zhou et al., 2018).

Finally, although elevated energy production, in association with
excitotoxicity, would be expected to specifically increase production of
ATP, no significant change in ATPwas directly observed inmetabolic pro-
files; however, significant alterations (Fig. 4C) of both NADH and the
phosphagen (i.e., Cr/pCr) system do, indeed, align with a shift toward el-
evated ATP production. With respect to the former, NADH was signifi-
cantly decreased in PbTx-exposed embryos. This decrease likely reflects
increased consumption of the reducing equivalents afforded (for electron
transfer) by NADH, specifically supplied by either glycolysis in the cytosol
(and transported into mitochondria via malate-aspartate shuttle), or the
TCA cycle within the mitochondria, for subsequent oxidative phosphory-
lation (Fig. 5C). Further linking elevated ATP production by oxidative
phosphorylation to excitotoxicity, it is known that Ca2+ activates ATP-
Mg/Pi carrier, and consequently, transport of adenine nucleotides (for
ATP production) into mitochondria (Harborne et al., 2017). Although no
significant increase in ATP was directly observed, a significant increase
in pCr, and concurrent decrease in Cr, was observed for PbTx-exposed
embryos. Phosphorylation of Cr (to pCr) as part of the phosphagen system
specifically occurs in neural,myocardial and skeletalmuscle cellswhere it
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participates in the sequestration, and subsequent turnover, of high energy
phosphate bonds (in ATP). It is, therefore, proposed that increased phos-
phorylation of Cr specifically reflects sequestration of the energy associ-
ated with excess ATP generated in association with excitotoxicity in
neural cells. At the same time, however, a significant increase in creati-
nine, as the degradative product of creatine (and phosphocreatine), was
observed. This suggests, in parallel, elevated consumption of total creatine
(Cr + pCr) as part of the subsequent energy expenditure of cells. And
these combined observations, therefore, suggest the phosphagen system
effectively represents a shunt for excess energy (i.e., ATP) production as-
sociated with excitotoxicity of PbTx-2.

4. Conclusions

The present study further demonstrates the considerable potential
of HRMAS NMR when coupled, in particular, to toxicological models
(such as zebrafish) for systems-level assessments of environmental tox-
icants. Metabolic profiling of intact, early life stages of zebrafish ex-
posed, in this case, to PbTx-2 (as the most common congener in
marine waters) specifically identified alteration of metabolites (see
Table S1 and Fig. 4) associated with both targeting of neural cells and
pathways including neuronal excitation (i.e., glutamatergic, cholinergic
and adrenergic pathways) and homeostatic functions (i.e., oxidative
stress, Ca2+, myelination), and corresponding energy metabolism
(i.e., glycolysis, TCA cycle, oxidative phosphorylation) and homeostasis
(i.e., phosphagen system). The observed metabolic alterations are,
therefore, not only consistent with well recognized and characterized
neurotoxicity (i.e., “excitotoxicity”) of PbTx, but also align with path-
ways that may provide insight into other, less understood aspects in-
cluding respiratory and pulmonary effects (e.g., possible role of
cholinergic and adrenergic pathways), and associated cellular energet-
ics. Based on thesefindings, an integratedmodel (Fig. 5) is proposed. Al-
though much of this model is, in fact, consistent with current
understanding of PbTx toxicity, and neurotoxicology more generally,
other components warrant further investigation to validate this pro-
posed model.

Metabolomic studies were coupled, in turn, to an assessment of
acute toxicity in embryos of zebrafish and mahi-mahi (Fig. 1). These
studies, therefore, not only established toxicity of PbTx-2 in early life
stages of fish as potentially relevant environmental receptors, in gen-
eral, but specifically, an ecologically and geographically relevant species
(i.e., mahi-mahi) within an environmentally relevant (i.e., nanomolar)
concentration range found in representative (e.g., Gulf of Mexico,
Southeastern Atlantic coastal) marine waters. Given the co-occurrence
of mahi-mahi and K. brevis, as the “Red Tide” producer of PbTx, these
studies suggest, therefore, that alteration of metabolic pathways ob-
served, in relation to toxicity, may directly translate to “real world” ex-
posures to perennial blooms of this toxigenic species. Indeed, fish kills
(along with marine mammal mortalities) are among the most conspic-
uous sentinels of Red Tides, and, as such, metabolites and pathways
identified in the study might provide insight to effective biomarkers
for monitoring of exposure and effects with respect to fisheries, marine
mammals and other wildlife specifically.
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