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A B S T R A C T   

Brevetoxins (BTX) are a group of marine neurotoxins produced by the harmful alga Karenia brevis. Numerous 
studies have shown that BTX are rapidly accumulated and metabolized in shellfish and mammals. However, 
there are only limited data on BTX metabolism in fish, despite growing evidence that fish serve as vectors for BTX 
transfer in marine food webs. In this study, we aimed to investigate the in vitro biotransformation of BTX-2, the 
major constituent of BTX profiles in K. brevis, in several species of northern Gulf of Mexico fish. Metabolism 
assays were performed using hepatic microsomes prepared in-house as well as commercially available human 
microsomes for comparison, focusing on phase I reactions mediated by cytochrome P450 monooxygenase (CYP) 
enzymes. Samples were analyzed by UHPLC-HRMS(/MS) to monitor BTX-2 depletion and characterize BTX 
metabolites based on MS/MS fragmentation pathways. Our results showed that both fish and human liver mi-
crosomes rapidly depleted BTX-2, resulting in a 72–99% reduction within 1 h of incubation. We observed the 
simultaneous production of 22 metabolites functionalized by reductions, oxidations, and other phase I reactions. 
We were able to identify the previously described congeners BTX-3 and BTX-B5, and tentatively identified BTX-9, 
41,43-dihydro-BTX-2, several A-ring hydrolysis products, as well as several novel metabolites. Our results 
confirmed that fish are capable of similar BTX biotransformation reactions as reported for shellfish and mam-
mals, but comparison of metabolite formation across the tested species suggested considerable interspecific 
variation in BTX-2 metabolism potentially leading to divergent BTX profiles. We additionally observed non- 
enzymatic formation of BTX-2 and BTX-3 glutathione conjugates. Collectively, these findings have important 
implications for determining the ecotoxicological fate of BTX in marine food webs.   

1. Introduction 

Brevetoxins (BTX) are lipophilic marine neurotoxins originating 
from the harmful alga Karenia brevis (formerly Gymnodinium breve or 
Ptychodiscus brevis), which is responsible for recurrent “Florida red tide” 
blooms along the Gulf of Mexico and western Atlantic U.S. coast 
(Flewelling et al., 2005). BTX accumulate in a variety of marine or-
ganisms and undergo metabolic biotransformations leading to a di-
versity of chemical structures. Humans may be exposed to BTX through 
contaminated shellfish, which has been associated with neurotoxic 

shellfish poisoning (Ishida et al., 2004a; Abraham et al., 2008; Watkins 
et al., 2008). K. brevis blooms have also been linked to several mass 
mortality events of fish, marine mammals, sea turtles, and seabirds 
(Landsberg, 2002; Flewelling et al., 2005; Twiner et al., 2012; Van 
Deventer et al., 2012; Walker et al., 2018). Despite their apparent 
sensitivity to BTX following lethal exposure, there is evidence that fish 
may also serve as important vectors of BTX in marine foods webs. Fish 
exposed to chronic, sublethal concentrations of BTX can accumulate the 
toxin in their flesh and viscera, sometimes reaching levels beyond the 
regulatory guidance threshold for safe consumption of shellfish (Tester 
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et al., 2000; Woofter et al., 2005; Naar et al., 2007; Flewelling et al., 
2010). Findings of BTX-contaminated fish in the stomachs of dead dol-
phins (Fire et al., 2008, 2015; Twiner et al., 2012) and scavenging 
seabirds (Van Deventer et al., 2012) illustrate the ecological impact of 
BTX transferred through fish vectors and raise concern regarding the risk 
of human exposure to BTX via contaminated finfish (Fleming et al., 
2011). This underscores the need to better assess the role that fish play 
in BTX transfer, including their capacity for BTX metabolism. 

BTX congeners are classified based on their backbone structures (A- 
and B-type) and are further differentiated by modifications of their 
terminal side chain (Baden, 1989, Fig. 1). The B-type toxins are 
considered more prevalent than the A-type toxins, with BTX-2 repre-
senting the most prevalent algal congener in K. brevis in both bloom and 
culture settings (Twiner et al., 2007; Pierce et al., 2008; Errera et al., 
2010; Lekan and Tomas, 2010). Aside from algal congeners, much of the 
present knowledge on BTX derivatives comes from studies with humans 
and rodents (Poli et al., 2000; Wang et al., 2005; Radwan and Ramsdell, 
2006; Abraham et al., 2008; Guo et al., 2010), as well as with shellfish 
(Morohashi et al., 1995, 1999; Murata et al., 1998; Poli et al., 2000; 
Plakas et al., 2002, 2004; Ishida et al., 2004b; Wang et al., 2004). These 
studies have shown that BTX-2 is rapidly absorbed, distributed, and 
eliminated primarily as metabolites, indicating that biotransformation 
plays a major role in the post-exposure processing and excretion of BTX 
(Poli et al., 1990; Radwan et al., 2005). At least 70 BTX derivatives have 
been reported to date, although only about half of these have been 
structurally characterized (ANSES, 2021; Hort et al., 2021). Phase I 
BTX-2 metabolites result mainly from cytochrome P450 monooxygenase 
(CYP)-dependent functionalization to several reduction and hydrolysis 
products (e.g., BTX-3, -9, the carboxylic acid derivative BTX-B5, as well 
as epoxide, diol, and A-ring hydrolysis products) (Ishida et al., 2004a; 
Radwan and Ramsdell, 2006; Guo et al., 2010). A variety of phase II 
metabolites have additionally been identified in mammals and shellfish, 
including cysteine and cysteine-sulfoxide conjugates arising from 
glutathione S-transferase (GST) pathways involving intermediate 
glutathione (GSH) metabolites (Plakas et al., 2002, 2004; Wang et al., 
2004; Radwan and Ramsdell, 2006). 

Compared to advances in understanding BTX metabolism in mam-
mals and shellfish, the metabolic fate of BTX in fish remains largely 
unexplored. Several phase I metabolites and conjugated products have 
been identified in fish using targeted analytical approaches, including 
BTX-2, -3, -6, -9, and several hydrolysis and cysteine conjugates (Naar 
et al., 2007; Fire et al., 2008; Flewelling et al., 2010). Some studies have 
also shown that exposure to BTX leads to activation of CYP- and 
GST-related enzyme activities (Washburn et al., 1994, 1996), indicating 
that biotransformation may be a similarly important pathway for BTX 
elimination in fish. However, there are few detailed studies describing 
BTX metabolites or biotransformation pathways in fish comparable to 
those available for mammals and shellfish. 

The aim of this study was to investigate the in vitro biotransformation 
of BTX-2 using liver microsomes prepared from fish collected from the 
northern Gulf of Mexico, where K. brevis blooms regularly occur. We 
additionally explored in vitro BTX-2 biotransformation in commercial 
human liver microsomes (HLM) to further compare BTX-2 metabolism 
across taxa using a microsomal source for which information on BTX 
metabolism is available through previous studies (e.g., Guo et al., 2010). 
Through this research, we hope to characterize relevant BTX-2 metab-
olites in fish to better understand the role they play in the ecotoxico-
logical fate and transfer of BTX. 

2. Experimental 

2.1. Materials and reagents 

Optima LC-MS grade acetonitrile (MeCN), methanol (MeOH), and 
water were obtained from Thermo Fisher Scientific (Waltham, MA, 
USA). Formic acid (>98%) was purchased from Merck (Darmstadt, 
Germany). Reagents used for the in vitro phase I metabolism experi-
ments, including β-nicotinamide adenine dinucleotide 2′-phosphate 
reduced tetrasodium salt hydrate (NADPH), β-nicotinamide adenine 
dinucleotide phosphate sodium salt hydrate (NADP+), HEPES sodium 
salt, D-glucose 6-phosphate sodium salt, and D-glucose 6-phosphate de-
hydrogenase from baker’s yeast (Saccharomyces cerevisiae), were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Magnesium chloride 
hexahydrate (MgCl2 × 6H2O) was obtained from Honeywell Fluka 
(Bucharest, Romania). 

The in vitro metabolic stability, biotransformation, and HRMS(/MS) 
experiments with brevetoxin-2 (BTX-2) were performed using synthetic 
BTX-2 (>95%) obtained from Abcam (Cambridge, UK; No. ab143469; 
Lots GR3275745–1 and GR3325074-2). Additionally, HRMS(/MS) ex-
periments were performed using brevetoxin-3 (BTX-3; >95%) from 
Ptychodiscus brevis, which was also obtained from Abcam (No. 
ab143470, Lot GR3275242-3), and semi-synthetic brevetoxin B5 (BTX- 
B5; >95%) purchased from MARBIONC (Durham, NC, USA). A-ring 
hydrolyzed derivatives of BTX-2, BTX-3, and BTX-B5 were produced 
through base hydrolysis by reacting the standards (dissolved in 80% 
MeOH, v/v) with 0.1 M NaOH (1:1, v/v), prepared from a 10 M stock 
solution (BioUltra grade, Merck), at room temperature for 1 h, after 
which the parent toxins were no longer detectable. Reduced glutathione 
(GSH, ≥98%), used in chemical conjugation assays with BTX-2, was 
obtained from Merck. 

2.2. Microsomal sources 

The in vitro metabolism assays were performed using commercially 
available liver microsomes from humans (Homo sapiens) as well as liver 
microsomes prepared in-house from several species of northern Gulf of 
Mexico fish, which had been collected and prepared as part of a previous 
investigation (Gwinn et al., 2021). The human liver microsomes (HLM) 
consisted of a mixed gender pool of 50 donors and were obtained from 
Bioreclamation IVT (Westbury, NY, USA; No. X008067, Lots SBM, YAO, 
and IHG). The total protein concentrations, total CYP contents, and 
specific CYP enzyme activities of HLM were provided by the manufac-
turer. The HLM were stored in liquid N2 until use. Microsomes were 
prepared from fish representing five commercially and recreationally 
important species with ecological relevance throughout the northern 
Gulf of Mexico, and spanned several taxonomic groups and trophic 
levels. These included Lutjanus campechanus (red snapper; RSN), 
L. griseus (gray snapper; GSN), Pterois volitans (red lionfish; LNF), Nich-
olsina usta (emerald parrotfish; PRT), and Archosargus probatocephalus 
(sheepshead; SHP). The fish were collected during October and 
November of 2019 from several northern Gulf of Mexico sites. Aside 
from PRT, the specimens were obtained opportunistically with other 
research being conducted at the Dauphin Island Sea Lab (DISL), so 
collection methods varied depending on the species. RSN were caught 

Fig. 1. Structure of BTX compounds. Backbone structures of A-type and B- 
type BTX compounds, as well as terminal side chains (R group) of major BTX 
congeners produced by K. brevis, including BTX-2, BTX-3, and BTX-B5 used as 
reference materials in this study. 
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by longlining from artificial reef structures offshore of Biloxi, MS, while 
GSN were collected by divers on SCUBA from natural gas platforms 
offshore from Gulf Shores, AL. Both snapper species were collected 
under federal collection permit F/SER24:RM and euthanized according 
to IACUC protocol 1562086. LNF were collected from artificial reef 
structures by recreational fishermen on SCUBA. SHP were captured live 
on hook-and-line from Mobile Bay, AL and Mississippi Sound, AL and 
donated by researchers after temporary holding at the DISL wet-lab fa-
cility with livers harvested immediately following euthanasia (IACUC 
protocols 1442738 and 1380906). PRT were collected using shallow 
seagrass trawls from St. Andrew Bay, FL according to a Special Activities 
License SAL-18-1230-SR and IACUC 1384468. In all cases, livers were 
dissected from fish immediately after euthanasia and flash-frozen in 
liquid N2. All livers were stored at − 80 ◦C until microsome preparation. 

2.3. Preparation of microsomes from northern Gulf of Mexico fish 

Hepatic microsomes were prepared according to Ivanova et al. 
(2014). All preparation steps were carried out on ice, unless otherwise 
stated. Frozen liver tissue was added to approximately 5 vol (v/w) of 
ice-cold preparation buffer (0.1 M KPO4, pH 7.5) and manually ho-
mogenized using a Potter-Elvehjem tissue grinder (Sigma Aldrich, St. 
Louis, MO, USA). Homogenates were separated using ultracentrifuga-
tion (SW41Ti; Beckman Instruments, Palo Alto, CA, USA) at 4 ◦C, with 
steps at 16,000 g for 30 min and then at 100,000 g for 1 h to remove 
cellular debris and isolate the microsomal fractions, respectively. Mi-
crosomes were resolubilized in preparation buffer and stored at − 80 ◦C 
until use in characterization and metabolism assays. 

The prepared fish liver microsomes were characterized with respect 
to their microsomal protein concentrations according to the Lowry 
method (Bio-Rad, DC Protein Kit, Hercules, CA, USA), recovery indices, 
as well as enzyme activities related to major human CYP enzyme fam-
ilies (CYP1A, CYP2C, CYP2D, CYP2E, and CYP3A), as previously re-
ported (Gwinn et al., 2021). Duplicate batches of RSN and GSN 
microsomes (denoted as RSN1 and 2 and GSN1 and 2, respectively) were 
prepared to assess potential inter-batch variability arising from the 
microsome preparation process. Information on the number and sex of 
specimens and combined liver mass included in each batch, the micro-
somal protein concentrations, and preparation yields is provided in 
Table S1, while details on the CYP characterizations may be found in 
Gwinn et al. (2021). 

2.4. In vitro phase I metabolism of BTX-2 

The in vitro phase I metabolism of BTX-2 was investigated in HLM 
and the prepared fish liver microsomes in incubations with CYP-specific 
cofactors. The reaction mixture included a NADPH regeneration system 
(0.91 mM NADPH, 0.83 mM NADP+, 19.4 mM glucose 6-phosphate, 9 
mM MgCl2 × 6H2O dissolved in 0.05 M HEPES buffer, adjusted to pH 
7.4), 1 U mL− 1 glucose-6-phosphate dehydrogenase, and 2 mg mL− 1 

microsomal protein in a total volume of 0.5 mL. While previous studies 
have advised microsomal protein concentrations around 0.5 mg mL− 1 

(Jia and Liu, 2007), the authors have successfully used concentrations of 
2 mg mL− 1 in similar biotransformation assays to study the metabolism 
of other biotoxins in microsomes from a range of species, including 
humans, rodents, birds, and fish (e.g., Fæste et al., 2011; Ivanova et al., 
2011; Ivanova et al., 2014; Johny et al., 2020), including the fish mi-
crosomes used in this study (Gwinn et al., 2021). The reaction mixture 
was pre-incubated for 2 min in a shaking water bath maintained at 37 ◦C 
for HLM or 25 ◦C for fish microsomes, as previously described (Gwinn 
et al., 2021). The metabolism reactions were initiated by adding 1.75 μL 
of a BTX-2 stock solution dissolved in 80% MeOH (v/v) at a concen-
tration of 1.29 μg μL− 1 (1.43 mM), resulting in a start concentration of 5 
μM BTX-2 after dilution in the assay. After the addition of BTX-2, sam-
ples were capped and incubated for up to 1 h. Aliquots (70 μL) were 
withdrawn at 0, 5, 10, 15, 30, and 60 min, and reactions were 

terminated by immediately adding equal volumes of ice cold 100% 
MeCN. All samples were kept on ice until centrifugation at 20,000×g for 
10 min at 4 ◦C to precipitate proteins, after which the supernatant was 
transferred to a 0.22 μm nylon Costar Spin-X filter (Corning Life Sci-
ences, Corning, NY, USA) and centrifuged at 20,000×g for 1 min at 4 ◦C. 
The filtrates were collected in 300 μL fixed-insert HPLC vials (Thermo 
Fisher Scientific) and stored at − 20 ◦C until analysis by 
ultra-high-performance liquid-chromatography high-resolution mass 
spectrometry (UHPLC-HRMS), as described below. Incubations were 
performed in duplicate for each batch of microsomes except for those 
with HLM and L. griseus (GSN2), for which a total of six replicates were 
performed each, as well as L. campechanus (RSN1), for which five rep-
licates were performed. 

Concentration optimization experiments were performed using both 
HLM and RSN1 to compare assay performance and linearity with start 
concentrations of 1, 5, and 10 μM BTX-2. Based on the results (Fig. S1), a 
start concentration of 5 μM BTX-2 was selected to maintain the 
ecological relevance of our results while compromising between sub-
strate depletion and detectability of potential BTX metabolites. Assay 
conditions were further optimized during single-replicate incubations 
with HLM, in which reactions were initiated by the addition of micro-
somes rather than by substrate addition or by extending the incubation 
time to 90 min with aliquot withdrawal at 0, 15, 30, 60, and 90 min. 
However, since no relevant differences with respect to BTX-2 depletion 
or formation of the metabolites BTX-3, BTX-9, or BTX-B5 were observed 
(Fig. S2), a standard 60 min-assay was chosen for all subsequent in-
cubations. Finally, duplicate control incubations were performed using 
HLM and RSN1 by replacing either BTX-2 or the NADPH regeneration 
system with equivalent volumes of HEPES buffer (Fig. S3). Controls 
without microsomes were evaluated to determine BTX-2 stability in the 
incubation buffer by preliminary deactivation of the reaction mixture in 
50% MeCN, which was found suitable for testing the microsomal de-
pendency of BTX-2 metabolism (Fig. S4). 

2.5. UHPLC-HRMS(/MS) analysis of BTX-2 and potential phase I 
metabolites 

UHPLC-HRMS(/MS) was applied to aid in the untargeted detection 
and structural characterization of known and novel phase I BTX-2 me-
tabolites. Compared with methods previously used to study BTX me-
tabolites in fish, the high mass accuracy of UHPLC-HRMS offers the 
advantage of unequaled resolving power and enables unambiguous 
determination of elemental compositions. The UHPLC-HRMS(/MS) an-
alyses were performed using a Vanquish Horizon UHPLC instrument 
(Thermo Fisher Scientific) connected to a Q-Exactive mass spectrometer 
(Thermo Fisher Scientific), equipped with a HESI-II heated electrospray 
interface (ESI). Incubation sample aliquots were maintained at 20 ◦C in 
the UHPLC autosampler and chromatographed on a 100 mm × 2.1 mm i. 
d. Kinetex F5 column (1.7 μm, Phenomenex, Torrance, CA, USA) 
maintained at 20 ◦C. The capillary and probe heater temperatures were 
maintained at 270 ◦C and 300 ◦C, respectively. Compounds were eluted 
by a linear gradient using the mobile phases A (0.1% formic acid in 
MeCN/water, 5:95, v/v) and B (0.1% formic acid in MeCN/water, 95:5, 
v/v), where B was increased from 30% to 60% over 15 min, followed by 
flushing of the column at 99% B for 2 min, and then re-equilibration at 
30% B for 3 min. The total run time was 20 min. For full scan data 
acquisition (FullMS), the mass spectrometer was set to scan mode in the 
mass range 750–1250 m/z with a mass resolution of 70,000 (at 200 m/z) 
in positive ionization mode, the AGC target was set to 1 × 106, and the 
maximum inject time was set to 256 ms. Important interface parameters 
included a spray voltage of 3.5 kV, a probe temperature of 300 ◦C, a 
sheath gas flow of 35 units, an auxiliary gas flow of 10 units and a 
transfer capillary temperature of 270 ◦C. Basic instrument maintenance, 
including mass calibration, cleaning of UHPLC–HRMS interface com-
ponents and test of instrument response was performed at least on a 
weekly basis using Thermo Scientific Pierce calibration solutions. 
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For unambiguous identification and characterization, BTX standards 
(BTX-2, BTX-3, and BTX-B5) and known BTX metabolites with reported 
molecular masses and elemental formulae were analyzed by HRMS/MS 
in parallel reaction monitoring (PRM) mode using an isolation width of 
1.5 m/z and a collision energy for higher-energy collision dissociation 
(HCD) of 35 eV. The mass resolution during PRM was set to 70,000 (at 
m/z 200), the automatic gain control target was 3 × 105, and the 
maximum injection time was 100 ms. All other interface settings were 
identical to FullMS. The UHPLC-HRMS(/MS) data were analyzed using 
Xcalibur software (v4.2; Thermo Fisher Scientific). Raw peak areas 
(Tables S2–S3) were calculated from extracted ion chromatograms (XIC) 
using the exact mass of individual compounds within a mass accuracy 
(Δm) of ±5 ppm in an expected retention time (RT) window of 30 s. The 
chemical formulae of compounds and fragments reported in the results 
are listed with the corresponding Δm (in ppm) of observed m/z values. 

To search for potential novel phase I metabolites of BTX-2, FullMS 
data from replicate RSN1 and HLM incubations were processed using 
MZmine 2 (v2.53, downloaded from http://mzmine.github.io/). The 
methods and parameters used for MZmine2 analyses are detailed in 
Table S4. Peak lists generated during MZmine2 analysis were refined by 
considering only those peaks which met the following criteria: (1) 
showed at least 10-fold growth between discrete time points during the 
incubation (0–10, 0–30, 30–60, and/or 0–60 min); (2) the tenths place 
value of the observed m/z was either 4 or 5, consistent with minor 
modification of the BTX-2 substrate ([M+H]+, C50H71O14

+ , exact m/z 
895.4838); (3) the observed m/z could be used to calculate a molecular 
formula within a mass accuracy (Δm) of 5 ppm with the elemental al-
lowances near that of BTX-2 (C40–60, H60–80, O10–20); and (4) the RDBE 
was a half-integer value, consistent with the majority of ions produced 
by ESI. The FullMS data were also manually searched for potential 
metabolites with mass shifts expected for common phase I biotransfor-
mation reactions (e.g., oxidation, reduction, and hydrolysis reactions). 

2.6. Statistical analyses and quality criteria 

Substrate depletion rates were determined by exponential regression 
of BTX-2 peak area versus time curves of mean data from each incuba-
tion, where depletion was expressed as percent BTX-2 peak area relative 
to that at the incubation start (0 min). Metabolite formation data were 
likewise referred to the BTX-2 peak area at 0 min, which enabled com-
parison of production rates across species. The normalized metabolite 
formation curves were fitted using quadratic regression. For both sub-
strate depletion and metabolite formation data, only regression curves 
producing R2 > 0.95 and including at least four time points were 
considered for subsequent comparisons across microsomes. Note that 
two of the incubation replicates were omitted from HLM (rep5) and 
RSN1 (rep1), because the BTX-2 depletion curves indicated insufficient 
mixing at the incubation start (e.g., higher peak areas at 5 min relative to 
0 min time point) (Table S2). One GSN2 replicate (rep6) was omitted 
since it showed relatively low raw BTX-2 peak areas (Table S2) that 
suggested insufficient BTX-2 addition to the incubation mixture. Infor-
mation on the substrate depletion and metabolite formation regression 
analyses is listed in Tables S2 and S3. 

Total metabolite production throughout the incubation period was 
estimated as the area under the curve (AUC) of the peak area-to- 
incubation time graph. The AUC calculations were performed in R 
(v4.0.2) and were determined by integrating the fitted regression of each 
curve using the “integrate” function, where the number of subdivisions 
was set to 100 (v3.6.2; https://www.rdocumentation.org/packages/ 
stats/versions/3.6.2/topics/integrate). Metabolite AUCs are shown in 
Table S3. For microsomal incubations with three or more replicates 
(HLM, RSN1, and GSN4), we tested for outlier AUC values using the 
interquartile range (IQR) method, where values more than 1.5 × IQR 
outside of Q1 and Q3 were considered outliers. Note that limits of 
detection (LOD) and quantification (LOQ) were not determined since we 
did not have standards for several of the compounds identified in this 

study or, especially in the case of novel metabolites, standards were 
unavailable. 

2.7. GSH conjugation of BTX-2 

Conjugation experiments were performed to verify GSH-conjugated 
metabolites observed during several microsomal incubations and to 
investigate whether they were formed by chemical or enzyme-catalyzed 
reaction. The conjugation experiments were performed by incubating 
1.75 μL of BTX-2 stock solution in a total volume of 0.5 mL (resulting in a 
start concentration of 5 μM BTX-2) with either: (i) active RSN2 sup-
plemented with 100 μM GSH; (ii) RSN2 deactivated by addition of 50% 
MeCN, supplemented with 100 μM GSH; or (iii) 100 μM GSH dissolved 
in 50% MeCN. For incubations including microsomes (i and ii), the RSN2 
were adjusted to a total protein concentration of 2 mg mL− 1 as in the 
metabolism assays. To prevent phase I biotransformation of BTX-2 
during the GSH conjugation experiments, NADPH regeneration system 
was not included in the reaction mixture. Samples were collected from 
single-replicate incubations after 0, 5, 15, and 30 min, prepared for 
analysis, and analyzed by UHPLC-HRMS(/MS) as described above to 
monitor the depletion of BTX-2 and formation of BTX-2-GSH. Data were 
sum-normalized by expressing the peak areas of BTX-2 and BTX-2-GSH 
as percent of the summarized peak areas of the two compounds for each 
time point. Rates of BTX-2 depletion and BTX-2-GSH formation were 
then determined from normalized data by linear regression and 
compared across treatments. 

3. Results 

3.1. UHPLC-HRMS/MS of BTX standards 

Detailed UHPLC-HRMS(/MS) analyses were performed on the BTX- 
2, BTX-3, and BTX-B5 standards to characterize their chromatographic 
properties, identify diagnostic product ions, and determine major frag-
mentation pathways for B-type BTXs. BTX-2 eluted at 11.4 min, 
compared with 8.7 and 9.4 min for BTX-3 and BTX-B5, respectively 
(Fig. S5), and the corresponding HRMS spectra for each peak were 
dominated by protonated ([M+H]+) molecules with nominal m/z 895 
(C50H71O14

+ ; Δm = 0.75), 897 (C50H73O14
+ ; Δm = − 0.20), and 911 

(C50H71O15
+ ; Δm = − 0.07) (Fig. S5). Dehydrated ([M + H–H2O]+), so-

dium adducted ([M+Na]+), and potassium adducted ([M+K]+) ions 
were also observed (Δm ± 5 ppm), albeit with much lower relative in-
tensities (Fig. S5). While previous studies have reported an abundance of 
sodiated molecules in the MS spectra of BTX compounds, these were 
reported to provide less reliable fragmentation spectra than their pro-
tonated counterparts (Hua and Cole, 2000), and these were not abun-
dant in the HRMS spectra in this study. Therefore, the protonated 
molecules were targeted for each compound in the subsequent 
HRMS/MS analyses. 

To characterize the structures of the BTX standards, HRMS/MS 
product ions were assigned in the same way as previously described for 
Caribbean ciguatoxins, another group of ladder-like polyether phyco-
toxins (Kryuchkov et al., 2020). Following this nomenclature, product 
ions were assigned both a letter and a number, where the letters p, q, and 
s are used to indicate the C–C or C–O bond cleavages during fragmen-
tation, and numbers describe the number of intact or fragmented rings 
contained in the product ion (shown in inlay of Fig. 2). A prime symbol 
(‘) is used to differentiate fragments arising from the “head” (C-1 ter-
minus) and “tail” sides of the molecule. Major head and tail fragments 
were confirmed by comparison of fragmentation spectra obtained from 
standards of BTX-2, -3, and -B5, which are distinguishable by modifi-
cations of the K-ring side chain by +2H and +O, respectively (Fig. 1). 

A proposed fragmentation scheme for BTX-2 is provided in the upper 
panel of Fig. 2, based on the HRMS/MS spectra for the three BTX stan-
dards shown in Fig. 2A–C. While the molecular ions were relatively 
prominent in the HRMS/MS spectra of all three compounds, HCD 
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resulted in substantial fragmentation yielding primary product ions 
derived from both the head and tail of each molecule. Additional 
product ions appeared to be derived secondarily by sequential loss of up 
to three water molecules (− H2O, Δ m/z = 18.0106) from primary 
fragments. In general, the most diagnostically valuable product ions 
appeared in the middle mass range between m/z 300 and 700, below 
which there was substantial noise in the spectra that made it more 
difficult to annotate fragments with diagnostic value. 

3.1.1. Diagnostic fragments related to A-ring side (“head fragments”) 
Several major head fragments associated with p8, p6, p5, q6, and s10 

cleavages were detected across the HRMS/MS spectra for all three 
standards (Fig. 2). The m/z 491/473/455 and 421/403/385 ions were 
prominent in BTX-2 and -B5, showing relative intensities >30% 
(Fig. 2A–C). These were determined to be derived from the p6 and p5 
series, respectively, with base ion formulae of C27H39O8

+ (Δm = − 1.5 to 
0.25) and C23H33O7

+ (Δm = − 1.7 to 0.13). These fragments were 

Fig. 2. Proposed fragmentation scheme of BTX-2 (top panel) showing major product ions and associated water loss ions identified by comparison of 
HRMS/MS spectra (m/z 63–955) for BTX-2 (A), BTX-3 (B), and BTX-B5 (C) standards. Fragmentation was achieved using a collision energy of 35 eV. Spectra 
represent the average of multiple scans for each standard. Product ions are color-coded to indicate origin from either the head (blue) or tail (red) of the molecule. 
General nomenclature for MS/MS product ions of ladder-like polyether compounds used to predict BTX fragmentation pathways (Kryuchkov et al., 2020) is shown in 
the inlay. 
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previously reported as diagnostic for B-type BTXs (Hua and Cole, 2000; 
Wang et al., 2004; Abraham et al., 2006, 2012; Radwan and Ramsdell, 
2006; Bottein et al., 2010; Shen et al., 2021). The spectrum of BTX-3 was 
dominated by m/z 643/625/607 ions arising from p8 (C36H51O10

+ ; Δm =

− 1.5 to 0.20) as well as m/z 725/707 ions arising from s10 (C41H57O11
+ ; 

Δm = − 1.29 to − 0.11) cleavage (Fig. 2B), with the latter being char-
acteristic of BTX-3 fragmentation in previous studies (Abraham et al., 
2012; Radwan and Ramsdell, 2006; Shen et al., 2021). The m/z 417/399 
fragments derived from q6 (C24H35O7

+; Δm = − 1.83 to − 0.16) were also 
detectable across all three standards (Fig. 2A–C), but with lower relative 
intensities. 

Head fragments were also detected as product ions with nominal m/z 
525, 333, and 249, which are visible in published MS/MS spectra of 
BTX-2 and -3, but were not previously annotated (Radwan and Rams-
dell, 2006; Shen et al., 2021). The m/z 525 fragment was observed 
across the spectra for all three standards and identified as C31H41O7

+ (Δm 
= − 1.7 to 0.23), which we determined to arise from cleavage across the 
H-ring associated with the q6 series (Fig. 2). The m/z 333 fragment 
determined as C19H25O5

+ (Δm = − 1.4 to − 0.45) is consistent with a 
BTX-2 tail fragment predicted to arise from the q′4 series opposite to q6 
(Fig. 2A–C). However, observation of this product ion in the spectra of 
all three standards suggested that it could instead be related to the head 
side of the molecule, as shown in the fragmentation scheme in Fig. 2. 
The m/z 249 fragment was identified as C14H17O4

+ (Δm = − 0.95 to 0.66) 
and was similarly localized to the head of the molecules based on its 
occurrence in the HRMS/MS spectra of the three standards, although it 
was most prominent in BTX-2 and -B5; Fig. 2A–C). This fragment could 
arise by cleavage of the D-ring between the oxygen and methyl group 
followed by water loss to produce a fragment containing rings A–C 
(Fig. 2). 

Additional head fragments were observed that did not correspond to 
the p, q, s nomenclature, including those with nominal m/z 779 and 559. 
The m/z 779 fragment was determined as C45H63O11

+ (Δm = − 1.1 to 3.7) 
arising from cleavage across the K-ring between C-38/-39 and the C–O 
bond adjacent to C-35 (Fig. 2). Its detection across the HRMS/MS spectra 
of all three standards (Fig. 2A–C) confirmed that it could be utilized as a 
diagnostic ion for B-type BTXs as previously suggested (Hua and Cole, 
2000). The m/z 559 fragment identified as C32H47O8

+ (Δm = − 1.5 to 
0.10) was seen across spectra (Fig. 2A–C) and is observable in previously 
published low-resolution MS/MS spectra without annotation (Hua and 
Cole, 2000; Radwan and Ramsdell, 2006; Abraham et al., 2012). A 
product ion with this composition could possibly be derived from 
breakage across the H-ring between C-26/-27 and the C–O bond adja-
cent to C-24, as shown in the Fig. 2 fragmentation scheme. 

3.1.2. Diagnostic fragments related to K-ring side and C-39 side chain 
(“tail fragments”) 

Consistent with their respective modifications in the K-ring side 
chain, the tail fragments of BTX-3 and -B5 were discernible by shifts of 
+2H and +O relative to BTX-2, respectively, although the latter was 
typically observed as –2H due to water loss. The most prominent tail 
fragments corresponded to the m/z 559 head fragment, but with the 
charge on the opposite side of the molecule (Fig. 2). For BTX-2, this tail 
fragment had a base ion formula of C18H25O6

+, although it was pre-
dominantly detected as dehydration products with m/z 319/301(Δm =

(m/z 321/303 and 317/299 for BTX-3 and -B5, respectively; Δm = − 1.42 
to 0.31) (Fig. 2A–C). This cleavage type was previously reported for 
41,43-dihydro-BTX-B5, identified by Abraham et al. (2008) as a +2H 
product of BTX-B5 with m/z 913, in which the reduction was localized to 
the K-ring side chain. 

The tail fragments associated with removal of the K-ring side chain 
between C-38/-39 and the C–O bond adjacent to C-39 (as shown in Fig. 2 
and previously described by Hua and Cole, 2000), were relatively 
prominent in the HRMS/MS spectra of all three standards. This fragment 
had a base ion formula of C5H7O+ (Δm = − 0.50) for BTX-2 and was 
observed at nominal m/z 83, compared with m/z 85 and 81 for BTX-3 

and -B5, respectively (Fig. 2A–C). A product ion with nominal m/z 
109 (C7H9O+; Δm = 0.08) was also observed in the spectrum of BTX-2 
(Fig. 2A), which could arise from cleavage across the K-ring following 
the loss of the C-37 hydroxyl as water. This fragment showed an ex-
pected +2H shift to m/z 111 in BTX-3 (Fig. 2B), but was seen as m/z 109 
in BTX-B5, suggesting that a second molecule of water had been lost 
from the carboxylic acid group prior to cleavage from the BTX-B5 
skeleton. 

Several dehydrated products arising from the p′2 and p′5 series were 
observed in the spectrum for BTX-2. These had base ion formulas of 
C13H17O4

+ and C26H35O7
+, respectively, and were predominantly seen as 

fragments with m/z 237/219 and 441/423 (Δm = 0.13–0.69) (Fig. 2A). 
Comparable +2H and –2H fragments were detectable in the spectra for 
BTX-3 and -B5, respectively, but these occurred at much lower relative 
intensities and were barely distinguishable from noise. Other previously 
reported tail fragments with nominal m/z 95, 125, 179, and 153/135 
(Hua and Cole, 2000) were likewise observed in our analyses 
(Fig. 2A–C). However, we were unable to confirm their structural origin 
due to the substantial background noise in the lower m/z ranges of the 
spectra. 

3.2. Identification and structural elucidation of phase I BTX-2 metabolites 

Potential biotransformation products of BTX-2 were determined by 
an untargeted approach using MZmine2 data processing software. The 
generated peak lists contained between 618 and 732 features, depend-
ing on the microsomal source from either HLM or RSN1. Full peak lists 
were refined to focus on m/z features with apparent relevance as BTX-2 
metabolites based on the predicted structural formulae and relative 
formation during the incubation period. We thus obtained a final peak 
list consisting of six potential BTX-2 metabolites (Table S5) with m/z 
ratios corresponding to protonated molecules arising from phase I 
oxidation, reduction, and hydrolysis reactions. These included products 
shifted relative to BTX-2 (hereafter 1) by +H2 (m/z 897; 2), +H4 (m/z 
899; 3), +O (m/z 911; 4), +H2O (m/z 913; 5), +H2O2 (m/z 929; 8), and 
+CH6O (m/z 929; 9). Structural isomers of these products, which 
showed identical m/z ratios (i.e., Δm within ±5 ppm) but eluted at 
different RT, were observed during manual inspection of FullMS data 
and were all considered as potential metabolites (2a and 2b; 4a to 4c; 5a 
to 5e). Additional biotransformation products, including +O2 (m/z 927; 
7a and 7b), +H4O2 (m/z 931; 10a and 10b), and +CH4O2 (m/z 943; 11a 
to 11c), were identified by manual inspection of the FullMS data. Data 
were also searched for products shifted by +H4O relative to BTX-2 (m/z 
915), since we had detected a corresponding compound after perform-
ing NaOH-catalyzed hydrolysis of the BTX-3 standard (Fig. S6), which 
resulted in observation of metabolites 6a and 6b. In total, we obtained a 
list of 22 potential phase I biotransformation products of BTX-2 (Fig. 4; 
Table 1). In subsequent HRMS/MS analyses, these compounds were 
investigated using PRM to aid in their tentative assignment and struc-
tural characterization by comparison of fragmentation patterns (Figs. 5 
and 6) with BTX-2, -3, and -B5 standards. 

3.2.1. Reduced metabolites: BTX-3, 41,43-dihydro-BTX-2 and BTX-9 
Metabolites 2a and 2b were both observed with nominal m/z 897 

(C50H73O14
+ ; Δ m = 3.9), resulting from a +H2 shift relative to 1 (Fig. 3B; 

Table 1). The observed m/z, RT, and HRMS/MS spectrum of 2a (Figs. 3B 
and 4A) were identical with those of the BTX-3 standard (Figs. S5 and 
2B), which supported its identification as BTX-3. The other +H2 
metabolite 2b co-eluted as a broad peak with 1 and was observed at high 
signal intensity in HLM relative to RSN1 (Fig. 3B). Comparing the 
HRMS/MS spectrum of metabolite 2b with that of BTX-2 traced the 
hydrogenation to the C-39 sidechain of the molecule via a corresponding 
shift for several prominent product ions. For example, the major m/z 83 
fragment related to the C-39 sidechain in 1 was observed at m/z 85 in 2b 
(Fig. 4B). Additional product ions supported the observation, such as the 
m/z 111 and 321/303 fragments from K- and H-ring cleavages, 
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respectively (Fig. 4B), which showed the same +H2 shift relative to 
corresponding fragments of 1 (Fig. 2A). This evidence, together with a 
RT that was nearly identical to that of 1, allowed the annotation of 2b as 
41,43-dihydro-BTX-2, which had been previously identified by Guo 
et al. (2010). The broad and poorly shaped chromatographic peak could 
be explained by possible on-column equilibration of the aldehyde and 
the corresponding vinyl alcohol. 

Both HLM and RSN1 produced metabolite 3 detected at nominal m/z 
899 (C50H75O14

+ ; Δm = 3.5), corresponding to the addition of +H4 
relative to 1 (Fig. 3C; Table 1). The HRMS/MS spectrum of 3 contained 
several diagnostic head fragments that were identical to those observed 
for 1, such as m/z 779, 559, 473/455, and 403 (Fig. 4C). By contrast, a 
pair of ions was observed with m/z 305/287 (the parent ion and water 
loss fragment of C18H25O4

+; Δm = 0.87–0.80) (Fig. 4C), which are shifted 
by +H4 in comparison to corresponding fragments of 1 produced by 
cleavage across the H-ring, which supported that 3 was generated by 
hydrogenation of the C-39 sidechain. The C-39 sidechain fragment was 
observed at nominal m/z 85 (Fig. 4C), which corresponded to a +H2 
mass shift relative to the same fragment in 1. However, the mechanism 
of the K-ring side chain cleavage is reportedly influenced by the 
reduction state of both the aldehyde moiety and 41,43-double bond 
(Hua and Cole, 2000). A major m/z 85 product ion is thus expected for 
BTX-9, in which the aldehyde functionality is reduced to an alcohol and 
the 41,43-double bond is saturated (Poli et al., 1986). We therefore 
concluded that the m/z 899 metabolite 3 was equivalent to BTX-9. 

3.2.2. Metabolites from mono-oxidation, oxidation/reduction, or water 
addition 

The metabolites 4a to 4c were observed at nominal m/z 911 
(C50H71O15

+ ; Δm = 3.6–4.4) (Fig. 3D; Table 1), corresponding to mono- 
oxygenation (+O) of 1. The most prominent of these in the HLM and 
RSN1 incubations was metabolite 4c, which was identified as BTX-B5 by 
comparison of its observed m/z, RT, and HRMS/MS spectrum (Fig. 4F) to 
that of the BTX-B5 standard (Figs. S5 and 2C). In 4c, the aldehyde 

functionality in 1 is oxidized to the corresponding carboxylic acid. For 
this molecule, the C-39 sidechain fragment was observed at m/z 81 
(Fig. 4F), indicating that the product ion was generated by the same 
fragmentation mechanism as in 1 and 2a after an initial water loss from 
the carboxylic acid moiety. Observation of prominent p6 head fragments 
(m/z 491/473/455) and BTX-B5-like product ions (m/z 317/299), 
originating from cleavage of the H-ring and related to the higher-order 
rings including the C-39 sidechain, confirmed the assumed structure of 
4c as BTX-B5. 

While metabolite 4c was the only prominent +O product in HLM, 
incubations with RSN1 (as well as other fish microsome preparations, as 
described in Section 3.4) resulted in the production of two additional 
+O metabolites, 4a and 4b, which eluted at RT 5.7 and 7.5 min, 
respectively (Fig. 3D; Table 1). Compared with 4c, the lack of a prom-
inent m/z 81 fragment in the HRMS/MS spectrum of 4a (Fig. 4D) sug-
gested that cleavage of the C-39 sidechain was not a preferred 
fragmentation mechanism in this molecule. The spectrum was instead 
dominated by a fragment with m/z 221 determined as C12H13O4

+ (Δm =

0.75), which could arise from an s3 cleavage following water loss from a 
nearby hydroxyl group, e.g., at C-9. Hydroxylation of the head-part of 
the molecule was also supported by the presence of ions related to p5 and 
p6 observed at m/z 401/383 and 489.2481 from the base ions C23H29O6

+

(Δm = − 0.91) and C27H37O8
+ (Δm = − 0.40), respectively, that were 

shifted –H2 relative to 1 due to additional water loss prior to ring 
opening and cleavage. 

The HRMS/MS spectrum of metabolite 4b (Fig. 4E) showed the C-39 
sidechain product ion at m/z 83, which was identical to the fragment 
observed for 1. Furthermore, the m/z 319/301 ions associated with 
cleavage of the H-ring were prominent, which assigned the oxygenation 
in 4b to rings A–I. Observation of p6 fragments shifted by –H2 relative to 
1 (m/z 489/471) further localized the site of oxygenation to rings A–F, 
while the presence of the p5 head fragment (m/z 401) limited it to rings 
A–E. Additional diagnostic ions that could further identify the site of 
oxygenation were not observed. It is worth noting that BTX-6, the H-ring 

Table 1 
Molecular formulae, elemental changes relative to BTX-2, m/z of protonated ions, ring double bond equivalents (RDBE), retention times (RT), and tentative 
assignments for relevant compounds in this study. Listed accurate m/z values and RT for each compound were obtained from a sample collected after 60 min 
incubation of BTX-2 (5 μM, v/v, after dilution in the assay) with L. campechanus (RSN1), A. probatocephalus (SHP), or human (HLM) liver microsomes.  

Compound No. Neutral Formula Change relative to BTX-2 Accurate [M+H]+ m/z (Δm in ppm) Ion RDBE RTa (min) Tentative Assignment 

1 C50H70O14 n/a 895.4864 (+2.9) 15.5 11.2 BTX-2b 

2a C50H72O14 +H2 897.5030 (+3.9) 14.5 8.3 BTX-3b 

2b C50H72O14 +H2 897.5030 (+3.9) 14.5 11.2 41,43-dihydro-BTX-2 
3 C50H74O14 +H4 899.5183 (+3.5) 13.5 8.5 BTX-9 
4a C50H70O15 +O 911.4820 (+3.6) 15.5 5.7 Hydroxyl BTX-2 (C-9 or D-ring) 
4b C50H70O15 +O 911.4828 (+4.4) 15.5 7.5 Hydroxyl BTX-2 (rings A-E) 
4c C50H70O15 +O 911.4822 (+3.8) 15.5 9.1 BTX-B5b 

5a C50H72O15 +H2O 913.4974 (+3.3) 14.5 3.7  
5b C50H72O15 +H2O 913.4980 (+3.9) 14.5 5.1  
5c C50H72O15 +H2O 913.4979 (+3.8) 14.5 5.6 A-ring hydrolyzed BTX-2b 

5d C50H72O15 +H2O 913.4970 (+2.8) 14.5 8.5 41,43-dihydro-BTX-B5c 

5e C50H72O15 +H2O 913.4974 (+3.3) 14.5 8.7 41,43-dihydro-BTX-B5c 

6a C50H74O15 +H4O 915.5139 (+4.3) 13.5 3.6 A-ring hydrolyzed BTX-3b 

6b C50H74O15 +H4O 915.5141 (+4.5) 13.5 5.3  
7a C50H70O16 +O2 927.4769 (+3.5) 15.5 4.1  
7b C50H70O16 +O2 927.4768 (+3.4) 15.5 5.7  
8 C50H72O16 +H2O2 929.4920 (+2.9) 14.5 4.2 A-ring hydrolyzed BTX-B5b 

9 C51H76O15 +CH6O 929.5295 (+4.1) 13.5 7.6 O-methylated BTX-2 
10a C50H74O16 +H4O2 931.5090 (+4.3) 13.5 3.7  
10b C50H74O16 +H4O2 931.5091 (+4.5) 13.5 4.5  
11a C51H74O16 +CH4O2 943.5083 (+3.5) 14.5 6.5  
11b C51H74O16 +CH4O2 943.5081 (+3.3) 14.5 7.6  
11c C51H74O16 +CH4O2 943.5082 (+3.4) 14.5 8.1  
12 C60H87N3 O20S +C10H17N3O6S 1202.5654 (− 1.9) 18.5 4.2 BTX-2-GSH 
13 C60H89N3 O20S +C10H19N3O6S 1204.5820 (− 1.1) 17.5 3.5 BTX-3-GSH  

a Note that the RT of standards in UHPLC-HRMS(/MS) standard characterizations (Fig. S5) and those observed in incubation samples are shifted slightly due to 
instrumental variability across analyses as well as potential effects of the different matrices of incubation samples and standard solutions. 

b Identities confirmed by comparison with BTX-2, BTX-3, BTX-B5 reference standards and corresponding A-ring hydrolyzed standards. 
c Metabolites 5d and 5e likely represent a pair of diastereoisomers based on nearly identical RT and HRMS/MS spectra. 
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epoxide of BTX-2 originally identified by Chou et al. (1985) and reported 
in some BTX metabolism and fish studies (Radwan and Ramsdell, 2006; 
Naar et al., 2007), has an identical structural formula and mass as 4a to 
4c. However, localization of the oxygenation in these metabolites to 
either the head rings anterior to the H-ring or to the sidechain tail 
excluded their identification as BTX-6. No additional metabolites with 
m/z 911 that could be identified as BTX-6 were observed in this study 
and, to our knowledge, other isomers of BTX-B5 and BTX-6 that could 
aid in identifying 4a and 4b have not been reported, indicating that 
these represent novel metabolites. 

We observed five products (5a to 5e) with nominal m/z 913 
(C50H73O15

+ ; Δm = 2.8–3.9) (Fig. 3E; Table 1) corresponding to an 
elemental shift of +H2O relative to 1, resulting either from addition of 
water or a combination of oxidation and reduction reactions. Interest-
ingly, the three earlier-eluting metabolites 5a–5c (RT 3.7–5.6 min) were 
primarily observed in RSN1 incubations, whereas the two later-eluting 
isomers 5d and 5e (RT 8.5 and 8.7 min) were only produced by HLM 
(Fig. 3E). Metabolite 5a occurred with relatively low abundance that 
was insufficient to obtain HRMS/MS spectra to aid in its identification. 
Metabolite 5b was identified as a BTX-3-type molecule based on the 
presence of a m/z 85 fragment in its HRMS/MS spectrum (Fig. 4G), 
indicating a –H2 reduction in the C-39 sidechain. This was further sup-
ported by the presence of a dominant m/z 741 product ion identified as 

C41H57O12
+ (Δm = − 2.0) corresponding to the m/z 725 fragment origi-

nating from s10 cleavage in 2a, but shifted by +O. However, the HRMS/ 
MS spectrum of 5b did not reveal additional ions to aid in identifying the 
oxidation site. Metabolite 5c had a RT and HRMS/MS spectrum (Figs. 3E 
and 4H) identical to A-ring hydrolyzed BTX-2 generated by treating 1 
with base (Figs. S6 and S7), and was thus determined to result from 
hydrolysis of the A-ring lactone. The HRMS/MS spectra of 5c (and other 
A-ring hydrolysis products, as described below) were dominated by 
head fragments from p5 (m/z 403/385) and p6 (m/z 473/455) cleavages 
(Fig. S7). 

The HRMS/MS spectra of the other two m/z 913 metabolites 
observed in HLM incubations, 5d and 5e, were practically identical 
(Fig. 4I and J), indicating a pair of stereoisomers. Their fragmentation 
patterns were also highly similar to that of 1. The only notable difference 
occurred in the tail fragment, observed at m/z 81 for both 5d and 5e, 
which was equivalent to 4c and indicated a BTX-B5-like compound. An 
MS/MS spectrum with high similarity to that of 1 could be expected if 
the 41,43-double bond in BTX-B5 was reduced. The reduction of the 
41,43-double bond would also introduce a stereogenic center into the 
molecule, which could explain the observation of two closely-eluting 
metabolites with nearly identical HRMS/MS spectra. A metabolite 
fitting this description was previously identified in human urine as 
41,43-dihydro-BTX-B5 (Abraham et al., 2008) and has also been 

Fig. 3. Extracted ion UHPLC-HRMS chromatograms for protonated molecules (± 5 ppm), of BTX-2 substrate (A) and phase I metabolites with elemental 
change of þH2 (B), þH4 (C), þO (D), þH2O (E), þH4O (F), þO2 (G), þH2O2 (H), þCH6O (I), þH4O2 (J), and þCH4O2 (K). Data were obtained from aliquots 
taken after 60 min incubation with liver microsomes from human (HLM; blue) or L. campechanus (RSN1; red, vertically and horizontally offset) microsomes, except 
for m/z 915.5100, for which the fish data (red trace) were taken from incubation with A. probatocephalus (SHP) microsomes. Normalization levels (NL) (arbitrary 
units) for the chromatograms are indicated in the panel for each species and were constrained to a minimum value of 5.00E3 to reduce noise. Peaks are labelled with 
the compound ID numbers shown in Table 1. 
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reported as a major metabolite produced by human CYP enzymes (Guo 
et al., 2010). 

Metabolites 6a and 6b were observed with nominal m/z 915 
(C50H75O15

+ ; Δm = 4.2–4.4) (Fig. 3F; Table 1), corresponding to addition 
of +H4O relative to 1. While 6a was prominent and only observed in 
RSN1 incubations, traces of 6b were visible in both RSN1 and HLM 
(Fig. 4F). Metabolite 6a was identified as A-ring hydrolyzed BTX-3 based 
on its observed m/z and RT, which corresponded to that of base-treated 
2a (Fig. S6). However, the signal intensities of 6a were insufficient to 
obtain HRMS/MS spectra of reasonable quality to compare to that of the 
A-ring hydrolyzed BTX-3 reference material (Fig. S7; also shown in 
previously published spectra by Radwan and Ramsdell, 2006). Similarly, 
the signal intensities of 6b were too low to allow further structural 

characterization via confirmation of diagnostic fragments. However, as 
other m/z 915 isomers have not been previously reported, it is possible 
that this compound may also represent a novel metabolite. 

3.2.3. Metabolites from multiple biotransformation reactions 
Two +O2 metabolites, 7a and 7b, were observed in RSN1 in-

cubations with nominal m/z 927 (C50H71O16
+ ; Δm = 3.4–3.5) (Fig. 3G; 

Table 1). However, as these were of relatively low abundance and were 
practically absent in HLM, the signal intensities were not sufficient to 
obtain HRMS/MS spectra of good quality. To our knowledge, BTX 
congeners consistent with m/z 927 have not yet been identified in pre-
vious studies, indicating that these products may represent novel me-
tabolites. Another product observed in HLM, metabolite 8, was observed 

Fig. 4. HRMS/MS spectra of protonated metabolites that were shifted relative to BTX-2 by: þH2 (m/z 897), leading to 2a (A) and 2b (B); þH4 (m/z 899), 3 
(C); þO (m/z 911), 4a (D), 4b (E), and 4c (F); þH2O (m/z 913), 5b (G), 5c (H), 5d (I), and 5e (J). Data were obtained from samples collected after 60 min 
incubation of BTX-2 (5 μM, v/v, after dilution in the assay) with L. campechanus (RSN1) or human (HLM) liver microsomes. The m/z ranges are scaled to m/z 62–935 
for m/z 897 and 899, and m/z 65–950 for m/z 911 and 913. 

Fig. 5. HRMS/MS spectra for the protonated metabolites that were shifted þH2O2 (relative to BTX-2) with m/z 929, 8 (A); þCH6O metabolites, also with 
m/z 929, 9 (B); and þCH4O2 metabolites with m/z 943, 11a (C), 11b (D), and 11c (E). Data were obtained from samples collected after 60 min incubation of 
BTX-2 (5 μM, v/v, after dilution in the assay) with L. campechanus (RSN1) or human (HLM) liver microsomes. The m/z ranges (x-axes) are scaled to m/z 65–965 and 
65–980 for m/z 929 and 943 metabolites, respectively. 
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at nominal m/z 929 (C50H73O16
+ ; Δm = 2.9), corresponding to +H2O2 

relative to 1 (Fig. 3H; Table 1). This molecule was found to be equivalent 
to A-ring hydrolyzed BTX-B5 by comparison of its observed m/z, RT, and 
HRMS/MS spectrum (Fig. 5A) with that of the base-treated reference 
material (Figs. S6 and S7). As with 5c, the HRMS/MS spectrum of 8 was 
dominated by p5 (m/z 403/385; Δm = − 1.9 to − 0.78) and p6 (m/z 473/ 
455; Δm = − 2.0 to − 1.6) fragments. It is worth noting that 27,28-diol- 
BTX-2, a previously reported hydrolysis product generated using puri-
fied CYP enzymes, has an identical chemical composition and its HRMS/ 
MS spectrum contained similar product ions to those shown in published 
low-resolution spectra (Radwan and Ramsdell, 2006). However, the 
relative ion abundances differed slightly and appeared more similar to 
those in the spectrum of the base-hydrolyzed BTX-B5 standard (Fig. S7), 
which helped support our proposed identity of 8. 

Metabolite 9 was detected in both HLM and RSN1 at nominal m/z 
929 (C51H77O15

+ ; Δm = 4.1) (Fig. 3I; Table 1), indicating a +CH6O shift 
relative to 1. The additional carbon atom in 9 was supported by the 
composition of the corresponding sodiated ion in the FullMS spectrum 
(data not shown). The HRMS/MS spectrum of 9 (Fig. 5B) was very 
similar to that of 1 and merely exhibited relative differences in the in-
tensities of the different ions. The prominent m/z 83 (Δm = − 2.9) ion 
suggested the presence of a BTX-2-like C-39 sidechain, while the RT (7.6 
min) suggested an intact A-ring. As methylations are relatively uncom-
mon phase I biotransformation reactions (in contrast to demethylation 
reactions), we initially hypothesized that 9 could be an artefact. How-
ever, there was no evidence for such impunities in the BTX-2 standard 
(dissolved in 80% MeOH), nor did the base hydrolysis of 1 (which was 
performed in aqueous MeOH) result in methylated products. Thus, we 
believe that 9 was indeed the result of O-methylation catalyzed by S- 
adenosyl-L-methionine-dependent methyltransferases such as catechol- 
O-transferase. This annotation was additionally supported by the fact 
that we did not observe oxidized +CH2 shifted metabolites of 1. While 
methylated products have not yet been reported for BTX, indicating a 
potentially novel transferase-mediated pathway for these toxins, O- 
methylation is known to be involved in the metabolism of catechol es-
trogens, dietary bioflavonoids, and tea polyphenols (Zhu, 2002). 

At least two early-eluting +H4O2 metabolites, 10a and 10b, were 
observed with nominal m/z 931 (C50H75O16

+ ; Δm = 4.3–4.5) (Fig. 3J; 
Table 1). While both 10a and 10b were detected in HLM samples, only 
10b was observed in RSN1 incubations. A metabolite with m/z 931 had 
previously been reported as 27,28-diol-BTX-3, a hydrolysis product 

forming in incubations with rat microsomes (Radwan and Ramsdell, 
2006). However, as the two metabolites observed in our study were of 
low signal intensities that were not sufficient to obtain informative 
HRMS/MS data, their identities could not be confirmed further. 

Metabolites 11a to 11c were observed with m/z 943 (C51H75O16
+ ; Δm 

= 3.3–3.5), equivalent to the addition of +CH4O2 (Fig. 3K; Table 1), and 
were primarily observed in incubations with HLM. The spectrum of 11a 
was dominated by ions from the p5 (m/z 403/385) and p6 (m/z 473/455) 
series (Fig. 5C). Fragments with m/z 317/299 (Δm = 1.1–1.7) were also 
observed, corresponding to identical fragments in 4c arising from 
cleavage across the H-ring. This indicated 11a as being a BTX-5-type 
compound in which the aldehyde function was oxidized to a carbox-
ylic acid. However, no other product ions were present that could sup-
port the site of this suspected modification. The spectra of the later- 
eluting metabolites 11b and 11c (Fig. 5D and E) were similar to each 
other, with 11c showing generally higher product ion intensities. A BTX- 
5-type structure was also most likely for these compounds given that the 
characteristic tail fragment was observed at nominal m/z 81 (Δm =

0.11–1.3), albeit with a low relative intensity in both spectra. Interest-
ingly, the diagnostic H-ring tail fragments (m/z 319/301 in 1) were 
observed at m/z 349/331 from the base ion C19H25O6

+ (Δm = 0.91–2.1) 
for 11b and 11c, which corresponded to a +CH2O shift relative to 1. Yet, 
several head fragments in 11b and 11c were identical to those observed 
for 1, including those from the p5 (m/z 491/473/455) and p6 (m/z 491/ 
473/455) series, indicating that the O-methyl functionality may be 
located somewhere in rings H–K for these metabolites. The spectra of 
11b and 11c were otherwise dominated by an ion with m/z 173 iden-
tified as C8H13O4

+ (Δm = − 2.6 to − 2.1), although the origin of this 
fragment could not be determined. To our knowledge, BTX metabolites 
with m/z 943 have not been previously reported. 

3.2.4. GSH conjugation of BTX-2 
In addition to the phase I metabolites identified during the in vitro 

biotransformation experiments, we also observed potential GSH conju-
gates of 1 and 2a. The formation of these products was first detected 
during the control experiments. Incubation of RSN1 microsomes in the 
absence of the NADPH regeneration system resulted in substantial 
depletion of the BTX-2 substrate, with depletion rates similar to those 
observed in incubations replete with the cofactor (Fig. S3, panel A). 
Metabolites 2a, 3, and 4c were not formed in incubations where the 
NADPH regeneration system was excluded, indicating that they were 
likely produced by NADPH-dependent CYP enzymes (Fig. S3, panels 
B–D). Exploration of the FullMS data from these incubations revealed 
peaks eluting at RT 4.2 and 3.5 min which were comprised of ions with 
nominal m/z 1202 (C60H88O20N3S+; Δm = − 1.9) and 1204 
(C60H88O20N3S+; Δm = − 1.9), respectively (Fig. S8). These were puta-
tively identified as the protonated ions of BTX-2-GSH (12) and BTX-3- 
GSH (13) (Table 1), respectively, each consistent with the addition of 
GSH (+C10H17N3O6S). Using different MS conditions and instrumenta-
tion, the BTX-2-GSH ion was previously reported with m/z 1204 (Wang 
et al., 2004; Radwan and Ramsdell, 2006), similar to what we report for 
BTX-3-GSH here, so our data provide a minor correction for these 
BTX-GSH metabolites. We also searched FullMS data of HLM and RSN1 
incubations for BTX-2-cysteine and its sulfoxide oxidation product (m/z 
1018 and 1034, respectively), but these were not detected. 

The observation of GSH-conjugated BTX metabolites was unex-
pected, considering that GSH had not been added as a cofactor in the 
reaction mixture. Moreover, microsome preparations typically do not 
contain cytosolic GST enzymes, and the distinct microsomal forms have 
a limited metabolic capacity relative to predominant CYP enzymes 
(Morgenstern et al., 1982; Song et al., 2015, 2018). We therefore assume 
that 12 was formed non-enzymatically by chemical reaction with 
endogenous GSH present in the microsome preparations, but monitoring 
the reaction kinetics indicated a CYP-mediation formation mechanism 
for 13. In the controls without NADPH regeneration system, 12 
increased continually from the incubation start, with comparatively 

Fig. 6. BTX-2 substrate depletion rates (min¡1) measured for HLM and 
northern Gulf of Mexico fish microsomes. Depletion rates were determined 
by exponential regression of the substrate depletion versus time curves, where 
BTX-2 peak areas were expressed as percent relative to that at the incubation 
start (0 min). Data are shown for N. usta (PRT), L. campechanus (RSN 1,2), 
L. griseus (GSN 1,2), A. probatocephalus (SHP), P. volitans (LNF), and human 
(HLM) liver microsomes. Error bars show standard deviation of replicate 
incubations. 
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minimal production of 13 (Fig. S9). In NADPH replete incubations, 
however, the formation of 12 and 13 initially proceeded at similar rates 
during the first 5 min, after which 12 declined while 13 continued to 
increase (Fig. S9). Thus, we conclude that 12 was produced directly 
from 1 by chemical conjugation of the α,β-unsaturated aldehyde in the 
molecule tail and that 13 arose secondarily through a CYP-dependent 
reduction of 12. 

The chemical GSH conjugation of BTX-2 was further tested by 
incubating 1 with an excess of GSH (100 μM) and comparing conjugate 
formation in incubations without microsomes or with active or deacti-
vated RSN2. Without microsomes, the reaction of 1 with GSH resulted in 
the formation of 12, which confirmed the identity of the conjugated 
product observed in the control incubations. Interestingly, the formation 
rate of 12 in incubations without microsomes or with deactivated RSN2 
was considerably higher (0.46 min− 1) than that observed with active 
RSN2 (0.18 min− 1) (Fig. S10). This indicated a primarily chemical GSH 
conjugation, since otherwise the formation rate would have been higher 
using the active microsomes. 

3.3. Depletion of BTX-2 in vitro and comparison across species 

Following the optimization of experimental BTX-2 concentrations 
and confirmation of first-order depletion kinetics (Fig. S1), the meta-
bolic stability of 1 was determined in the liver microsomes of the 
northern Gulf of Mexico fish and in HLM. The BTX-2 substrate was 
depleted by 71.9–98.5% within 60 min in all microsomal preparations 
(Fig. S11), indicating widespread capacity for BTX-2 biotransformation 
among the species tested. Comparison of substrate depletion rates 
revealed substantial variability in microsomal capacities for BTX-2 
metabolism, which were highest in HLM and PRT (− 0.111 ± 0.020 
min− 1 and –0.102 ± 0.018 min − 1, mean ± standard deviation, 
respectively) (Fig. 6). The other fish microsomes showed about three- 
fold lower depletion rates, averaging − 0.035 ± 0.002 min− 1 across 
species (Fig. 6). No outliers in BTX-2 depletion rates across replicate 
incubations were detected using the IQR method. 

3.4. Comparison of in vitro BTX-2 phase I metabolite formation across 
species 

After the (tentative) structure identification of BTX-2 metabolites, 
we aimed to compare metabolite production across the prepared 
northern Gulf of Mexico fish microsomes and HLM. To standardize 
metabolite data across species and replicate incubations, all metabolite 
peak areas were normalized to that of 1 at the incubation start (0 min) in 
the respective assay (Figs. S12 and S13). The resultant metabolite for-
mation curves were used to determine AUC as a measure for the total 
metabolite production in individual microsomal incubations. We chose 
to use AUC in place of other approaches (e.g., initial formation rates) 
since AUC are less influenced by differences in the metabolite formation 
curve progression (e.g., linear, quadratic, asymptotic, delayed). In this 
respect, we felt that the AUC estimates provided a more reliable and 
comprehensive measure of the overall capacity for BTX-2 metabolite 
production in the microsomes tested. We acknowledge the possibility 
that the presumed absence of a metabolite in a given incubation may be 
caused by values below the LOD. However, due to the lack of standards 
for individual BTX metabolites identified in this study, it was impossible 
to characterize potential differences in ionization efficiencies or other 
properties that may affect compound detectability. Therefore, we did 
not attempt to extrapolate metabolite concentrations from the known 
amount of BTX-2 substrate. AUC values are intended only to compare 
relative formation of a given metabolite across microsomes, rather than 
across different metabolites. 

Comparing metabolite AUC across the fish and human microsomes 
tested indicated an extensive capacity for the biotransformation of 1 
with some notable differences in the formation of specific metabolites 
among species and taxa (Figs. S14 and S15; summarized in Fig. 7). For 

example, there was considerably higher production of the +H2 metab-
olite 2a in PRT incubations as compared to other microsomes (Fig. 7), 
with AUC values ranging between approx. three to 18-fold lower in 
other fish microsome incubations (Fig. S14). Metabolite 2b, however, 
showed substantially greater production by HLM than the fish micro-
somes (Fig. 7 and S14). Notably, while 2b grew asymptotically in most 
fish preparations, in HLM the metabolite reached a maximum after 
about 15 min before decreasing considerably throughout the remainder 
of the incubation (Fig. S12). This time course, coupled with similarly 
high production of 3 by HLM, support previous work identifying 41,43- 
dihydro-BTX-2 as an important intermediate in the formation of BTX-9 
in humans (Guo et al., 2010). Mean AUC values of 4c were also higher 
in HLM than in fish microsomes (Fig. 7), but the data were biased by a 
disproportionally high estimate in one replicate, while other replicates 
showed AUC values more similar to those in fish microsomes (Fig. S14). 
It should be noted that, as with the BTX-2 depletion rates, no outliers 
were detected in metabolite AUC across replicate incubations using the 
IQR method. 

Fig. 7. Cross-species comparison of phase I BTX-2 metabolite production. 
Heatmaps (left) show relative mean AUC of each metabolite across northern 
Gulf of Mexico fish microsomes and HLM. Data are shown for N. usta (PRT), 
L. campechanus (RSN 1,2), L. griseus (GSN 1,2), A. probatocephalus (SHP), 
P. volitans (LNF), and human (HLM) liver microsomes. The range of mean AUC 
values is shown for each metabolite (right). Incubations for which metabolite 
AUC could not be determined are indicated in panels with an "X". 
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The +H4O, +CH6O, and +H4O2 metabolites (6a to 6b, 9, and 10b, 
respectively) were also produced in all fish microsomes and in HLM 
(Fig. 7), but showed no obvious differences in relative formation across 
species (Fig. S14 and S15). The GSH conjugates were also detected 
across species (Fig. S13), with BTX-2-GSH (12) peaking at 5 min in all 
incubations and thereafter declining to give rise to BTX-3-GSH (13). 
While AUC values were not estimated given the focus of this investiga-
tion on phase I BTX-2 metabolism, we did observe differences in the 
relative peak areas of 12 and the formation of 13 across species (Fig. S13 
and S14), although this seemed to be driven by relatively high vari-
ability between replicates (data not shown). 

The later-eluting +H2O products (5c to 5e), as well as the +H2O2, 
+H4O2, and +CH4O2 metabolites (8, 10a, and 11a to 11c, respectively), 
occurred almost exclusively in HLM incubations (Fig. 7, S14, and S15), 
except 5c that was also relatively prominent in RSN incubations. While 
traces of these metabolites were produced in some RSN and GSN in-
cubations, in some cases only at the last time point (60 min), mean AUC 
values were between one and four orders of magnitude higher in HLM 
and they were not found at all in other fish incubations. Metabolite 10a 
was only detected in HLM, albeit with relatively low AUC values, sug-
gesting that it could be a relatively minor metabolite compared with the 
other HLM-specific products. 

By contrast, several BTX-2 metabolites (4a and 4b, 5a and 5b, and 7a 
and 7b) were more prevalent or detected only in incubations with the 
northern Gulf of Mexico fish microsomes, with minimal or no production 
by HLM (Fig. 7, S14, and S15). There was, however, considerable vari-
ation in the occurrence or relative formation of these metabolites across 
fish species. For example, the +O metabolites 4a and 4b occurred 
mainly in the two Lutjanid species, with higher production by red 
snapper microsomes (RSN1,2) than those from gray snapper (GSN1,2) 
(Fig. 7 and S14). Yet, the consistency of the data for replicate microsome 
preparations from these two species supported that the observed dif-
ferences in metabolite production represented differences in metabolic 
capacities across species rather than experimental bias. The + H2O 
metabolite 5a was only detected in RSN1 and RSN2 incubations, 
although with considerably lower intensity than 4a and 4b, while its 
isomer 5b was formed by all the northern Gulf of Mexico fish micro-
somes (Fig. 7 and S14). As with 5a, the +O2 metabolites 7a and 7b were 
also only found in RSN1 and RSN2 incubations (Fig. 7 and S15), indi-
cating that these products may be specific to red snapper, or that 7a and 
7b could be formed secondarily from 5a by a combination of oxidation 
and reduction reactions. The absence of 4a and 4b, 5a and 5b, and 7a 
and 7b in HLM may suggest that they were produced by fish specific 
enzymes or more specifically for Lutjanids (excluding 5b). 

4. Discussion 

The recurrent blooms of Karenia spp. and prevalence of BTX-2 
throughout the northern Gulf of Mexico pose a threat to marine food 
webs and people that may consume BTX-contaminated seafood (Flew-
elling et al., 2005; Watkins et al., 2008). While fish can be affected by the 
ichthyotoxic properties of BTX, they can also accumulate sublethal 
levels of the lipophilic toxins, which may be detected in fish for weeks 
following water-borne K. brevis exposure (Woofter et al., 2005). The 
composition of BTX congeners retained in fish tissues following expo-
sure likely depends on the species-specific enzymatic biotransformation 
reactions of the K. brevis toxins, yet few studies to date have compared 
enzymatic processes and metabolite profiles across fish species. In this 
study, we used microsomes from relevant fish species and humans, 
which have seen more research effort, in a comparative approach to 
investigate the metabolic fate of BTX-2. 

For these experiments, we selected BTX-2 as the major substrate 
since it is considered the most prevalent algal congener in K. brevis, and 
targeted a range of fish species crossing multiple trophic levels in the 
northern Gulf of Mexico where these blooms occur. We aimed to use 
ecologically relevant levels of BTX-2 exposure based on previously 

reported concentrations of BTX in seawater and fish during and 
following K. brevis events. For instance, BTX-2 and BTX-3 levels in 
seawater from Sarasota Bay, FL collected during a 1994 K. brevis bloom 
were reported at 60 μg/L (0.07 μM) and 5.7 μg/L (6.4 nM), respectively 
(Hua et al., 1996). Between 1998 and 2005, total BTX-3 equivalents of 
0.1 μM or less were detected in seawater during the annual algal bloom 
in the same area (Pierce et al., 2005, 2008; Abraham et al., 2006). In 
contrast, livers of fish that had died from BTX exposure showed levels as 
high as 106.9 μM BTX-3 equivalents (Van Deventer et al., 2012), while 
fish experimentally exposed to BTX demonstrated no adverse effects 
upon accumulation of up to 2.5 μM BTX-3 equivalents (Naar et al., 
2007). By comparison, the livers of healthy, wild-caught fish collected 
from a region with frequent Karenia blooms contained an average 1.8 
μM BTX-3 equivalents (Naar et al., 2007). Considering these varied re-
ports in prior studies, we tested BTX-2 concentrations of 1 to 10 μM 
(Fig. S1) in our in vitro metabolism assays, which were lower but in the 
same order of magnitude as in previous studies with human and rat 
microsomes, where starting concentrations ranged from 10 to 50 μM 
(Radwan and Ramsdell, 2006; Guo et al., 2010). 

Following rapid depletion of BTX-2 substrate by all the fish and 
human microsomes tested, we detected a total of 22 phase I BTX-2 
metabolites in fish microsomes and HLM (Fig. 3; Table 1), including 
products of reduction, oxidation, methylation, or a combination of 
biotransformation reactions as well as glutathione conjugates. Some of 
the observed metabolites had been previously observed in fish through 
studies using targeted analytical methods. For example, a previous study 
on the prey fish of dolphins (Tursiops truncatus) including Lagodon 
rhomboides (pinfish), Orthopristis chrysoptera (pigfish), Mugil cephalus 
(striped mullet), and Leiostomus xanthurus (spot) and another study on 
sharks and rays showed specific detection of BTX-2, -3, several hydro-
lysis products, and cysteine conjugates (Fire et al., 2008; Flewelling 
et al., 2010). Experimental exposure of planktivorous M. cephalus to 
K. brevis cultures led to the accumulation of BTX-2 > BTX-3 > BTX -6 >
BTX -9, while L. rhomboides and Micropogonias undulates (Atlantic 
croaker) fed toxic shellfish accumulated greater proportions BTX-2 
cysteine conjugates (Naar et al., 2007). This same study found a 
similar prevalence of cysteine conjugated metabolites in six species of 
wild-caught fish collected from St. Joseph Bay, Florida as well as fish 
recovered from dolphin stomach contents. However, based on the toxin 
profiles of the shellfish and K. brevis cultures fed during the experimental 
exposures, the authors suggested that the observed metabolites in fish 
were likely accumulated directly from their diets. Our data thus provide 
some of the first direct evidence that fish are capable of BTX metabolism, 
potentially leading to the production of toxins previously reported in 
fish tissues. However, as our experiments relied on in vitro metabolism in 
fish microsomes, more work is needed to determine the relative role of 
BTXs obtained through diet compared with those produced through 
biotransformation in natural settings. 

Several of the metabolites observed in our study were produced 
across fish microsomes and HLM, indicating widespread capacity for 
their production across species and taxa (Fig. 7). Yet, there were some 
clear differences in the presence or relative production of metabolites 
between fish and human microsomes, as well as among different fish 
species. For example, incubation of BTX-2 with microsomes from 
L. campechanus (RSN) and L. griseus (GSN) led to greater production of 
metabolites 4a and 4b, 5a, and 7a and 7b (Fig. 7, S14, and S15), while 
the N. usta (PRT) showed comparatively high depletion of the BTX-2 
substrate coupled with notably greater production of 2a (Fig. 7 and 
S14). These results suggest that herbivorous fish that have closer 
ecological proximity to toxigenic Karenia spp. may exhibit different 
metabolic adaptations for coping with BTX-2 exposure than fish occu-
pying higher trophic levels. Previous studies have shown that experi-
mental exposure of immature Scianops ocellatus (red drum) and mature 
Morone saxatilis (striped bass) to BTX-3 resulted in activation of CYP1A- 
and CYP2B-related enzyme activities as well as of GST pathways 
(Washburn et al., 1994, 1996). Radwan and Ramsdell (2006) previously 
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used recombinantly expressed CYP proteins to show that CYP2D1 and 
CYP3A1 showed substantially higher rates of BTX-2 depletion than other 
CYP enzymes tested. Thus, our previous findings that the PRT and RSN1 
had higher CYP2D6 and CYP3A4 than the other northern Gulf of Mexico 
fish tested (Gwinn et al., 2021) may help to explain the unique patterns 
of metabolite production observed in these species (Fig. 7). To further 
elucidate the role of these enzymes in BTX biotransformation leading to 
specific metabolites in fish, we plan to perform more targeted experi-
ments aimed at reaction phenotyping, e.g., through use of recombinant 
CYP enzymes or specific enzyme inhibitors. 

To our knowledge, there are only a couple of studies comparing BTX 
metabolite profiles across species. In addition to the study by Naar et al. 
(2007) comparing relative toxin compositions across planktivorous or 
omnivorous fish species described above, other studies have found 
differing levels and time courses of BTX-2, -3, -B1, and -B5 across 
wild-caught and experimentally-exposed shellfish (e.g., Austrovenus 
stutchburyi, New Zealand cockle; Perna canaliculus, greenshell mussel; 
Crassostrea gigas, Pacific oyster) (Ishida et al., 2004a, 2004b) Otherwise, 
much of the available information on BTX in fish and comparisons across 
species is limited to composite toxicity measurements – which have 
ranged from below detection limits to > 95,000 ng BTX equivalents g− 1 

tissue depending on the species, tissue type, and location/timing with 
K. brevis bloom events (Naar et al., 2007; Fire et al., 2008; Flewelling 
et al., 2010; Van Deventer et al., 2012) – but without determination of 
toxin profiles. Considering that some of the novel metabolites reported 
here appeared to be unique to fish, our data help to complete the 
complex picture of the metabolic fate of BTX-2 in marine ecosystems, 
including the biotransformation mechanisms potentially underlying 
differences in toxicity across species. Consistent with previous work on 
other xenobiotics (de la Torre and Farré, 2004; Turesky, 2005; Gwinn 
et al., 2021), the results presented here also suggest that extrapolation of 
BTX biotransformation data across taxa may not be possible and high-
lights the need for species- or taxa-specific characterization of toxin 
metabolism pathways. 

The occurrence of GSH-conjugated metabolites (12 and 13) in all 
species tested (Fig. 7 and S13) pointed at the importance of chemical 
modifications in the metabolic fate of BTX-2 in marine ecosystems. 
Previous work has suggested that BTX occurred primarily in conjugated 
forms in fish, with relatively high concentrations of cysteine adducts and 
their sulfoxide products (Fire et al., 2008). Importantly, the conjugation 
of BTX-2 with GSH and cysteine has been shown to increase its polarity 
and facilitate renal elimination and lead to lower intrinsic potency 
(Radwan et al., 2005; Dechraoui et al., 2007). Although we did not 
detect cysteine conjugates in the present work, the GSH conjugates 
observed in our study could potentially serve as intermediates leading to 
further biotransformation (Radwan et al., 2005; Radwan and Ramsdell, 
2006) and identification of a non-enzymatic pathway for BTX conjuga-
tion underscores the interplay of chemical and enzymatic processes 
potentially affecting toxin fate. Follow-up studies with competent pri-
mary hepatocytes or S9 liver fractions of the different fish species are 
planned to elucidate the full extent of GSH conjugation in northern Gulf 
of Mexico fish. 

Identification of BTX biotransformation pathways and products is 
not only critical for biomonitoring, the structural modifications impar-
ted during biotransformation can alter the toxin’s physicochemical and 
toxicological properties. Due to a paucity of commercially available BTX 
standards, data on the acute oral toxicity and elimination are limited for 
the known suite of BTX congeners, with previous work focusing pri-
marily on BTX-2 and BTX-3. However, prior studies in rodents have 
shown that BTX-3 has a 10-fold higher oral toxicity than BTX-2 (Baden 
and Mende, 1982). It has also been demonstrated that BTX-2 and BTX-3 
follow different elimination kinetics, with BTX-2 being more rapidly 
eliminated than BTX-3 due to conjugation with GSH and formation of a 
cysteine conjugate that is more readily excreted (Radwan et al., 2005). 
Thus, the differences in relative metabolic capabilities for transforming 
BTX observed here (Fig. 7), which may potentially lead to divergent 

toxin profiles in fish, could confer differences in overall toxicity and BTX 
bioaccumulation. 

5. Conclusion 

In this study, we investigated the in vitro biotransformation of BTX-2 
using liver microsomes of five ecologically relevant fish species collected 
from the northern Gulf of Mexico, as well as commercially available 
human liver microsomes to evaluate taxonomic differences. Our goal 
was to contribute to the identification and characterization of known 
and novel phase I metabolites of BTX-2, and specifically to expand the 
available data on BTX metabolites in fish. The data presented here 
confirm that fish have the capacity to produce a variety of metabolites 
resulting from phase I reactions (e.g., reductions, oxidations, methyla-
tions). While about half of the compounds observed in this study have 
been previously reported in contaminated fish and/or humans, the 
others represented novel compounds that, to our knowledge, have not 
previously been identified. The observed differences in metabolite pro-
duction across the microsomes tested, including six of the 22 metabolites 
that occurred uniquely in fish compared with eight in humans, suggest 
that BTX-2 biotransformation varies across species and taxa. Formation 
of GSH conjugates also highlights the role of nonenzymatic reactions in 
BTX-2 fate. Some important next steps will include confirming the 
relevance and predictability of the in vitro BTX metabolite profiles in 
naturally-exposed fish. Future work focused on characterizing the toxic 
equivalencies and kinetic properties of BTX compounds, including the 
novel metabolites identified in this study, are also needed to improve 
risk analysis, policy, and guidance that protect marine wildlife and 
seafood consumers. 
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