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ABSTRACT 16 

Azaspiracids (AZAs) are a group of biotoxins produced by the marine dinoflagellates Azadinium 17 

and Amphidoma spp. that can accumulate in shellfish and cause food poisoning in humans. Of 18 

the 60 AZAs identified, levels of AZA1, AZA2 and AZA3 are regulated in shellfish as a food 19 

safety measure, based on occurrence and toxicity. Information about the metabolism of AZAs in 20 

shellfish is limited. Therefore, a fraction of blue mussel hepatopancreas was made to study the 21 

metabolism of AZA1–3 in vitro. A range of AZA metabolites were detected by LC–HRMS/MS 22 

analysis, most notably the novel 22α-hydroxymethylAZAs AZA65 and AZA66, which were also 23 

detected in naturally-contaminated mussels. These appear to be the first intermediates in the 24 

metabolic conversion of AZA1 and AZA2 to their corresponding 22α-carboxyAZAs (AZA17 25 

and AZA19). α-Hydroxylation at C-23 was also a prominent metabolic pathway, producing 26 

AZA8, AZA12 and AZA5 as major metabolites of AZA1–3, respectively, and AZA67 and 27 

AZA68 as minor metabolites via double-hydroxylation of AZA1 and AZA2, but only low levels 28 

of 3β-hydroxylation were observed in this study. In vitro generation of algal toxin metabolites, 29 

such as AZA3, AZA5, AZA6, AZA8, AZA12, AZA17, AZA19, AZA65 and AZA66 that would 30 

otherwise have to be laboriously purified from shellfish, has the potential to be used for 31 

production of standards for analytical and toxicological studies. 32 
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INTRODUCTION 37 

Azaspiracids (AZAs) were first identified after a food poisoning incident in 1995, when 38 

at least eight people in the Netherlands became ill after eating blue mussels (Mytilus edulis) 39 

harvested at Killary Harbour, Ireland.1 Symptoms were similar to those of diarrhetic shellfish 40 

poisoning (DSP), but the levels of the major DSP toxins (okadaic acid and dinophysistoxin-1 and 41 

-2) were very low.1 Another six poisoning episodes occurred in Ireland, Italy, France, the UK 42 

and the USA between 1995 and 2008.2 A new lipophilic toxin, azaspiracid (AZA1), was isolated, 43 

identified and reported in 1998,3 and in 2004 an expert consultation panel on behalf of 44 

FAO/IOC/WHO recommended classifying the AZAs as a separate toxin family.4 The structures 45 

of AZAs (Figure 1) differ from other nitrogen-containing toxins found in shellfish or 46 

dinoflagellates by having two unique spiro ring assemblies, a cyclic amine and a carboxylic 47 

acid.3, 5 The original published structure has been revised twice, by Nicolaou et al.6-7 and more 48 

recently by Kenton et al.8-9 49 

A series of AZA-analogues have since then been identified.10-12 AZAs are produced by 50 

dinoflagellates of the genera Azadinium and Amphidoma,13-16 but can be metabolized to new 51 

AZA analogues when consumed by filter-feeding shellfish.17 AZA-analogues have been 52 

identified in European shellfish, such as mussels, scallops, oysters, clams and cockles,18-22 as 53 

well as in brown crabs.23 In addition to Europe, AZAs have also been reported in shellfish from 54 

north-west Africa,24 Canada,25 Chile,26-27 China,28 the USA29 and in a sponge from Japan,30 55 

confirming AZAs to be globally distributed. 56 

The mechanism of action of AZAs, with respect to human toxicity, is still not fully 57 

understood,31 although studies indicate widespread organ damage and tumours in mice,32-34 58 

teratogenic effects in finfish35 and modulation of calcium concentrations in human 59 

lymphocytes.36 AZAs have been shown to be K+ channel blockers,37 however, the concentrations 60 

required are two-fold those for cytotoxicity. 61 
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AZA1 and -2 (Figure 1) are produced by Azadinium spinosum, Azadinium poporum and 62 

Amphidoma languida and are metabolized by mussels to form a range of other AZAs. Of these, 63 

only the levels of AZA1, AZA2, and one of the metabolites (AZA3), are regulated in shellfish.17 64 

AZA3 is formed via oxidation of the 22-Me of AZA1 to form AZA17 followed by spontaneous 65 

decarboxylation to AZA3, and an equivalent process produces AZA638 from AZA2 via AZA19. 66 

A number of studies have demonstrated this metabolism in shellfish by feeding mussels (M. 67 

edulis) with cultures of Az. spinosum,39-41 and purified AZA1.39, 42 A further study fed both 68 

mussels (Mytilus galloprovincialis) and scallops (Chlamys farreri) with cultures of Az. 69 

poporum43 and showed that AZA metabolism in scallops differs from that observed in mussels. 70 

These studies in shellfish, and analyses of naturally-contaminated shellfish, indicate 71 

carboxylation of a methyl group (in mussels, the 22-Me group) to be one of the most prominent 72 

metabolic pathways. This, together with insertions of 3β- and 23α-hydroxy groups via oxidative 73 

metabolism, and the above-mentioned abiotic decarboxylation of the 22α-carboxyAZAs that are 74 

formed, account for the production of AZA3–17, AZA19, AZA21, and AZA23 (Figure 1) from 75 

AZA1 and AZA2.17 An additional metabolic pathway in mussels (M. edulis) was reported via 76 

esterification of 3β-hydroxyAZAs (e.g., AZA4), although the most abundant AZA ester 77 

constituted less than 3% of the sum of the major free AZA analogues.44 Much less information 78 

is available on the mammalian metabolism of AZAs. A study of the metabolism of AZA1 in rat 79 

hepatocytes revealed the production of twelve partially characterized oxidized metabolites 80 

formed by insertion of up to three oxygen atoms, two metabolites formed by loss of hydrogen, 81 

and two putative glucuronic acid (GlcA) conjugates, one of which was tentatively identified as 82 

being AZA1 esterified at C-1 by GlcA.45 No glutathione conjugates were detected in that study, 83 

nor were any GlcA conjugates of oxidized AZAs reported.45 84 

AZA1–3 are regulated to a maximum permitted level of 160 μg/kg AZA1 equivalents 85 

in live bivalve molluscs by the EU to protect human consumers.46-47 The Codex Alimentarius has 86 

adopted the same regulation internationally.48 The CONTAM Panel established an acute 87 
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reference dose (ARfD) of 0.2 μg/kg of AZA1 equivalents and stated “In order for a 60 kg adult 88 

to avoid exceeding the ARfD, a 400 g portion of shellfish should not contain more than 12 μg 89 

AZA1 equivalents, i.e., 30 μg/kg AZA1 equivalents shellfish meat.”49 The analysis of heat-90 

treated shellfish from Ireland, naturally contaminated with AZAs, revealed high levels of AZA3 91 

(at up to four times the levels of AZA1) and AZA6 (at up to 3 times the levels of AZA2) due to 92 

heat-promoted decarboxylation of AZA17 and AZA19, which were not analysed for in the 93 

uncooked shellfish.50 This highlights the fact that AZA1 equivalent values can be grossly 94 

underestimated when raw tissues are analysed, as stipulated in the current regulations. 95 

Furthermore, in some countries, AZA2 has been reported to be the predominant AZA,24, 30, 51 and 96 

therefore levels of AZA6 will likely be higher in cooked shellfish from these areas. These 97 

findings underscore the need for AZA6 to be included in the regulation of AZAs.50 98 

Currently, isolation of the minor AZA analogues, including AZA3 and AZA6, for use 99 

in toxicological studies and for the preparation of analytical standards, can only be performed 100 

from shellfish.52 In this study, we report the detection of known and new metabolites of AZAs 101 

following in vitro exposure of purified AZA1–3 to fractionated mussel (M. edulis) 102 

hepatopancreas (HP). The goal of this work was to mimic mussel metabolism with a view to 103 

producing AZA metabolites (e.g., AZA3 and AZA6) in a cleaner matrix, thereby facilitating 104 

access to purified metabolites for the production of analytical standards. 105 

MATERIALS AND METHODS 106 

Materials 107 

AZA1–3 (Figure S1) were from the Marine Institute, Ireland.52 Nicotinamide adenine 108 

dinucleotide phosphate (NADPH) was from Roche (Basel, Switzerland). All other inorganic 109 

chemicals and organic solvents were of analytical grade or better. Reference materials of AZA4–110 

10,53 AZA33, and AZA3454 were available from earlier work, with AZA11 also present as a 111 

contaminant in the standard of AZA10.53 NRC CRM-AZA-Mus55 and NRC CRM-FDMT156 112 

were from National Research Council Canada (Halifax, NS, Canada), and mussels were 113 



6 

harvested at Bruckless (Donegal Bay, Ireland) in 2005.52 NRC CRM-FDMT1 was extracted and 114 

concentrated by SPE as described by Wright and McCarron 57 NRC CRM-AZA-Mus was 115 

extracted using a four-step extraction procedure (method B of McCarron, et al. 55). The Bruckless 116 

mussel tissue (2 g) was homogenized with 5 mL of MeOH using an Omni-prep homogenizer 117 

(Omni Int., Kennesaw, GA), the homogenate was centrifuged, and the supernatant filtered 118 

through a Titan3 cellulose syringe filter (0.45 µm; ThermoFisher Scientific, Rockwood, TN) and 119 

then a Millipore 0.45 µm PVDF spin filter (Merck Millipore, Cork, Ireland). 120 

Preparation of the hepatopancreatic fraction from mussels (M. edulis) 121 

Mussels were obtained from Snadder og Snaskum (Rissa, Norway). HP (digestive 122 

gland) was excised from the blue mussels and pooled. All preparations were prepared on ice or 123 

under cooling. The HP-tissue (2 vials of 4.2 g) was homogenized in sodium phosphate buffer (15 124 

mL; pH 7.5; 0.1 M) containing 0.15 M KCl, 10% glycerol, 1 mM EDTA and 1 mM D,L-125 

dithiothreitol using an Ultra Turrax T25 (IKA, Staufen, Germany) for 1 min, until homogenous, 126 

in centrifuge tubes. The homogenate was centrifuged (39,200 g; 4 °C; 25 min (J2-MC, Beckman 127 

Instruments, Palo Alto, CA)). The supernatants (HP-fractions) were transferred to microtubes in 128 

aliquots and stored at −80 °C. Total protein in the HP-fractions was determined by modified 129 

Lowry assay58 to be 16.9 mg/mL. 130 

In vitro metabolism experiments 131 

Metabolism experiments were performed with six replicates in 15-mL glass vials by 132 

combining 1.34 mL sodium phosphate buffer (0.1 M; pH 7.5) with 100 µL of the prepared HP-133 

fraction and 10 µL of AZA1 (557 ng/mL), AZA2 (543 ng/mL) or AZA3 (458 ng/mL) in MeOH. 134 

The metabolic reactions were initiated by addition of the co-factor NADPH (50 µL; 20 mM). 135 

The incubations were performed at 21–25 °C in a shaking water bath (Grant OLS200, Grant 136 

Instruments, Shepreth, Royston, UK). Of the six replicates for each AZA, three were incubated 137 

for 30 min, and three for 20 h. 138 
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In parallel, four control experiments (i–iv) were also performed: i, sodium phosphate 139 

buffer, HP-fraction, AZA1, and NADPH; ii, sodium phosphate buffer, HP-fraction, and NADPH; 140 

iii, sodium phosphate buffer, HP-fraction, and AZA1, and; (iv) sodium phosphate buffer, HP-141 

fraction preheated to 60 °C for 2 min to deactivate it, AZA1, and NADPH. These control 142 

experiments were stopped immediately (at time 0 min). Additionally, twelve control incubations 143 

were performed, four for each AZA1–3 in sodium phosphate buffer in the shaking water bath, as 144 

follows: (a) with NADPH, and incubated for 30 min; (b) without NADPH, and incubated for 30 145 

min; (c) with NADPH, and incubated for 20 h, and; (d) without NADPH, and incubated for 20 146 

h. 147 

All reactions were stopped by addition of 1.5 mL ice-cold MeCN and the vials were 148 

centrifuged at 1750 g for 30 min at 4 °C (Jouan BR4i; ThermoFisher Scientific, Waltham, MA). 149 

The supernatants were transferred to Spin-X vials (0.22 µm; Costar, Washington, D.C.) and 150 

centrifuged at 7500 g for 1 min at ambient temperature (Eppendorf centrifuge 5415D, Hamburg, 151 

Germany), and the filtrates transferred to HPLC -vials and stored at −20 °C. 152 

 153 

Liquid chromatography–high-resolution tandem mass spectrometry (LC–HRMS/MS) 154 

Analysis 155 

Method A. LC–HRMS/MS analysis was performed on a Q Exactive-HF Orbitrap mass 156 

spectrometer equipped with a HESI-II heated electrospray ionization interface (ThermoFisher 157 

Scientific, Waltham, MA) using an Agilent 1200 LC system including a binary pump, 158 

autosampler and column oven (Agilent, Santa Clara, CA). Analyses were performed with a 159 

Symmetry Shield 3.5 µm C18 column (150 × 2.1 mm; Waters, Milford, MA) held at 40 °C with 160 

mobile phases A and B of H2O and MeCN, respectively, each of which contained formic acid 161 

(0.1% v/v). Gradient elution (0.3 mL/min) was from 30–55% B over 20 min, then to 100% B 162 

over 0.1 min and held at 100% B (1 min), then returned to 30% B over 0.1 min and held at 30% 163 

B (3.9 min) to equilibrate the column (total run time 25 min). Injection volume was 1–5 µL. 164 
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The MS was operated in positive and negative ionization (calibrated from m/z 74–1622, 165 

and m/z 69–1780, respectively) modes. The spray voltage was 3.7 kV, the capillary temperature 166 

was 350 °C, and the sheath and auxiliary gas flow rates were 25 and 8 units, respectively, with 167 

MS data acquired from 2–20 min. Mass spectral data was collected using a full-scan (FS) method 168 

with alternating positive and negative mode scan data collected from m/z 700–1100 using the 169 

60,000-resolution setting, an automatic gain control (AGC) target of 1 × 106 and a maximum 170 

injection time (max IT) of 120 ms. 171 

Putative AZAs detected using the above FS method were further probed in a targeted 172 

manner with positive ionization using alternating FS and parallel reaction monitoring (PRM) 173 

scan modes. The settings were as above, except that the FS was scanned from m/z 700–1050 and 174 

max IT was set to 100 ms. The PRM scans were obtained with the low mass set to 60, a 0.7 m/z 175 

precursor isolation window, the 15,000-resolution setting, an AGC target of 2 × 105 and a max 176 

IT of 3000 ms, using a stepped collision energy (CE) of 60, 65 and 70 eV. Where 177 

chromatographic separation was sufficient, the PRM scans were scheduled, but where peak 178 

overlap and signal intensity considerations prevented this, PRM scans were obtained from 179 

multiple injections of the sample. 180 

Method B. LC–HRMS was conducted with the same LC–HRMS system (in positive 181 

mode, and calibrated as above) as for LC–HRMS method A. An Agilent Poroshell 120 SB-C18 182 

column (2.7 µm, 150 × 2.1 mm) was held at 40 °C and eluted (0.275 mL/min) with mobile phases 183 

consisting of H2O (A) and 95% MeCN (B), each containing 50 mM formic acid and 2 mM 184 

ammonium formate. Gradient elution was from 5% to 100% B over 20 min, then held for 7 min 185 

while flow rate was linearly increased to 0.6 mL/min, held for 11 min, then returned to 5% B 186 

over 1 min, and re-equilibrated for 10 min, with 1 µL injections and the mobile phase diverted 187 

to waste for the first 6 min. Source conditions for the mass spectrometer were: spray voltage 3 188 

kV, capillary temperature 350 °C, sheath and auxiliary gas 35 and 10 arbitrary units, with the 189 

probe heater set to 300 °C, and S-Lens RF Level 50. Full-scan with data-dependent MS/MS were 190 



9 

acquired with FS at the 60,000 resolution setting, 1 × 106 AGC target, max IT 50 ms, and m/z 191 

scanned from 600–1600. The ten most intense ions above the 5 × 104 intensity threshold were 192 

sampled from each FS spectrum for MS/MS, acquired at the 15,000 resolution setting, with AGC 193 

target 2 × 105, max IT 60 ms, with a stepped CE of 35 and 60 eV, using the apex trigger function 194 

(3–30 s), dynamic exclusion of 3.5 s, and isotope exclusion. An inclusion list containing exact 195 

masses of [M+H]+ for previously reported AZAs was used (3 ppm tolerance) along with an 196 

exclusion list containing the top 50 most intense background ions in each 2-minute interval across 197 

the chromatographic run. The FS with PRM data were obtained with FS using the 120,000 198 

resolution setting, 3 × 106 AGC target, max IT 200 ms, m/z range of 200–2000, and the MS/MS 199 

spectra were acquired with an isolation window of 0.4 Da on precursor masses using the 30,000 200 

resolution setting, AGC target 2 × 105, max IT 100 ms and CE of 55 eV. 201 

Method C. LC–HRMS was conducted with the same LC–HRMS system (in positive 202 

mode, and calibrated as above) as for LC–HRMS (method A). Separations used a C8 column 203 

(1.9 μm, 100 × 2.1 mm, Thermo Hypersil Gold; Thermo Fischer Scientific, Waltham, MA) with 204 

gradient elution. The mobile phase was water (A) and 95% MeCN (B), each containing 50 mM 205 

formic acid and 2 mM ammonium formate. The elution gradient (0.25 mL/min) was: 0–5 min, 206 

50–100% B; 5–20 min, 100% B; 20–20.1 min, 100–50% B; and 5 min re-equilibration at 50% 207 

B. The column and sample compartments were maintained at 20 °C and 10 °C, respectively and 208 

the injection volume was 5 μL. Full-scan spectra were collected with the 60,000 resolution 209 

setting, from m/z 650–1200 using positive ionization with a spray voltage of 3 kV. The sheath 210 

gas pressure was 35 psi and auxiliary gas flow was 10 (arbitrary units), the capillary temperature 211 

was 350 °C, and the heater was at 300 °C. The AGC target was 1 × 106 and the max IT was 200 212 

ms. 213 

Data-independent acquisition was used to screen for AZA-esters, using fifteen mass windows of 214 

39 Da spanned the range from m/z 650–1200 with a CE of 80 eV to collect product ion spectra 215 

from all ions within each window. The MS resolution was set at 15,000 with an AGC target of 2 216 
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× 105, a max IT of 50 ms, and a loop count of 8. Data-dependent acquisition (DDA) was used to 217 

collect MS/MS product ion scans of the five most abundant ions in the full-scan acquisition at 218 

each cycle. The mass range for full-scan acquisition was m/z 750–1250 with a resolution setting 219 

of 60,000, an AGC target of 1 × 106, and a max IT of 100 ms. 220 

RESULTS AND DISCUSSION 221 

Hepatocyte-like fractions were prepared from blue mussel HP to study the metabolism 222 

of AZAs and evaluate the feasibility of producing metabolite standards in vitro. Progress of the 223 

metabolism of AZA1–3 was monitored by LC–HRMS (method A) at 30 min and 20 h of 224 

incubation (Table 1, Figure 2). Metabolite identities were established by examination of their 225 

HRMS/MS spectra and comparison of these with the literature, the metabolites’ relative retention 226 

times and the accurate masses of their [M+H]+ ions and, where available, comparison with 227 

retention times and HRMS/MS spectra of authentic standards. In a preliminary experiment, in 228 

which almost identical results were obtained as in the experiment reported here, incubations were 229 

terminated by addition of ice-cold MeOH. This resulted in the formation of small amounts of 230 

methyl ketals (at C-21) and methyl esters (at C-1) of the AZAs and their metabolites, 231 

complicating the LC–HRMS analysis and data interpretation. To avoid this, incubations were 232 

terminated by addition of ice-cold MeCN in all subsequent experiments. No new AZAs were 233 

detected by LC–HRMS (method A) in any of the control samples, and their AZA-profiles at all 234 

time points were indistinguishable from those of the stock solutions, showing that NADPH and 235 

the hepatopancreatic fraction were required for the observed transformations of AZA1–3. 236 

LC–HRMS analysis showed that less than 8% conversion of AZA1 and AZA2 to 237 

detectable metabolites had occurred by 30 min incubation time, whereas approximately 12% of 238 

AZA3 had been converted at 30 min, primarily to AZA5. However, by 20 h, AZA1 and AZA3 239 

had undergone ~70–90% conversion to metabolites, while AZA2 had undergone ~50–60% 240 

conversion (Table 1, Figure 2). These results suggest that the order of susceptibility to 241 

metabolism in the in vitro system used in this study is AZA3 > AZA1 > AZA2, although the 242 
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differences were not large. Because the 30-min incubations did not display a high degree of 243 

metabolic conversion, only the 20-h incubations were examined in detail for their metabolite 244 

profiles. Recently-identified AZA-esters in mussel tissues have been shown to elute much later 245 

in the chromatographic analysis.44 The metabolism samples were also evaluated according to 246 

this AZA-ester screening method (LC–HRMS method C), but only product ions characteristic 247 

of unesterified AZAs were observed early in the chromatograms, with no sign of their late-248 

eluting esters, in both data-dependent (Figure S2) and data-independent acquisitions. This 249 

shows that AZA-esters were not produced in detectable amounts in this metabolism study. 250 

The mass spectral fragmentation patterns of AZAs (Figure 3) in positive ionization 251 

mode are structurally diagnostic and can be used as an aid to structure elucidation. For example, 252 

cleavage A (Figure 3) is only significant when R3 (Figure 1) is a hydroxy group, such as in AZA4, 253 

AZA7, AZA9 (Figure S3), AZA11 and AZA13–16,53, 59 cleavage B is a retro-Diels–Alder 254 

cleavage and requires the presence of the 7,8-double bond, cleavage E has been reported for 22α-255 

carboxyAZAs such as AZA17, AZA19, AZA21, and AZA23,59 and cleavages F and H are 256 

characteristic of 23α-hydroxyAZAs (Figure 1, R4 = OH) such as AZA5, AZA8, AZA10 and 257 

AZA12–16.53, 59 Cleavage G is generally regarded as being characteristic of AZAs,17 but it 258 

presumably requires the presence of either a 21-OH group or a 21,22-double bond to produce 259 

this retro-Diels–Alder cleavage, while cleavages I–K appear in most AZAs since they involve a 260 

substructure common to almost all AZAs reported to date.17, 60 Analysis of the corresponding 261 

fragmentation patterns of AZAs for which standards were not available (AZA12–17, AZA19, 262 

AZA21, AZA23, AZA65–68, AZA(872), AZA(886), and AZA(858)) was used to help define, 263 

or partially define, the structures of the other AZAs reported in Table 1 and Figure 1. 264 

Metabolites from AZA1. All three replicates showed similar metabolite profiles, with 265 

four prominent new earlier-eluting peaks with m/z values consistent with monohydroxylation 266 

(two peaks, m/z 858.4998), carboxylation at a methyl group (one peak, m/z 872.4791), and 267 

demethylation (one peak, m/z 828.4893) (Table 1, Figure 2). It was anticipated that these would 268 
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correspond to the known AZA metabolites AZA7 and AZA8 (3β- and 23α-hydroxylation, 269 

respectively, of AZA1), AZA17 (oxidation of the 22-CH3 group of AZA1 to a CO2H group), and 270 

AZA3 (resulting from spontaneous 22-decarboxylation of AZA17) (Figure 4). In addition to 271 

these major peaks, numerous small peaks were observed with m/z values consistent with various 272 

degrees of oxidation of AZA1, including hydroxylation, dihydroxylation and insertion of a 273 

carbonyl group. Most notable amongst these was a low intensity, but very broad, early-eluting 274 

peak with the same m/z as AZA17 (Figures 2 and S4–S7), referred to hereafter as AZA(872), 275 

whose peak area comprised about 10% of the total AZAs identified (Table 1, Figure 2) in this 276 

sample (i.e., AZA1, AZA3, AZA5, AZA7, AZA8, AZA17, AZA65, AZA67 and AZA(872)). 277 

Authentic standards of AZA1, AZA3, AZA5, AZA7 and AZA8 were available from 278 

previous work, and direct comparison of retention times (Figure S8) and HRMS/MS spectra of 279 

the standards verified their identities in the extracts of metabolized AZA1. No standard of AZA17 280 

was available, but this was identified from its HRMS/MS (Figure 5) spectrum, including a 281 

characteristic strong neutral loss of CO2 from all product ions containing C-1–C-22, and relative 282 

retention time (before AZA1 and AZA3). Furthermore, in an extract heated at 60 °C for 30 min, 283 

the peak of AZA17 essentially disappeared and there was a corresponding increase in the 284 

intensity of the peak of AZA3, while the peaks for the other major AZAs in the sample (AZA1, 285 

AZA7, AZA8, AZA65, AZA67 and AZA(872) were unaffected (Figure S9). This is consistent 286 

with the documented propensity of 22α-carboxyAZAs for spontaneous decarboxylation38, 42, 50 287 

and, taken together, this evidence confirms the identity of AZA17 in the extract. 288 

The earlier-eluting of the two major hydroxyAZAs, AZA65, did not co-elute with the 289 

standard of AZA7 (Figure S8), and its HRMS/MS spectrum (Figure 5) showed characteristic 290 

differences to both of the known monohydroxylated metabolites of AZA1 (AZA7 and AZA8) 291 

but contained similar features to those of AZA17 (Figure 5). In particular, cleavages A, F and H 292 

were not present, excluding the presence of a hydroxy group at C-3 or C-23, but cleavages B, C, 293 

D, G and I–K were present. An additional characteristic partial loss of CH2O (30.0106 Da) 294 
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accompanied cleavages B–D, as well as the pseudomolecular ion. This is indicative of the 295 

presence of an oxidized methyl group located between C-20 and C-23 and, given that the sample 296 

was produced via metabolism of pure AZA1, AZA65 can only be 22α-hydroxymethylAZA3 297 

(AZA65) produced by hydroxylation of the 22-methyl group of AZA1. Thus, the neutral loss of 298 

CH2O from AZA65 is due to cleavage E (Figure 3), and is directly analogous to (albeit less 299 

prominent than) the corresponding cleavage (loss of CO2) in the MS/MS spectrum of AZA17 300 

(Figure 5). The proposed structure of AZA65 as 22α-hydroxymethylAZA3 is also consistent with 301 

the complete absence of a corresponding metabolite in the metabolism experiment conducted 302 

with AZA3 (see below), because the only structural difference between AZA3 and AZA1 is that 303 

the former lacks a 22-methyl group. 304 

The unidentified very early-eluting peak, referred to here as AZA(872), constituted a 305 

significant proportion of the identified metabolites of AZA1 and had the same accurate mass as 306 

AZA17 (Figure S5). The peak was very broad and non-Gaussian in shape (Figures 2 and S4), 307 

and it did not display the m/z 362.2690 (cleavage G) product ion that is generally considered 308 

characteristic of AZAs (Figures 5 and S6), nor did it display a neutral loss of CO2 that might be 309 

expected for a carboxylic acid derivative of AZA1. However, it did show product ions consistent 310 

with cleavages I, J and K associated with the C-28–C-40 substructure, confirming that it is an 311 

AZA metabolite (Figures 5 and S6). Consideration of the accurate mass of the compound 312 

indicates that it contains two extra oxygen atoms, two fewer hydrogen atoms, and one extra 313 

ring/double bond equivalent (RDBE), relative to AZA1. These changes all appear to be located 314 

between C-16 and C-27, because product ions consistent with cleavages B and C of AZA1, but 315 

with the abovementioned changes to the number of hydrogen and oxygen atoms and RDBE, 316 

dominated the higher mass region of the MS/MS spectrum (Figures 5 and S6). The major product 317 

ion observed at m/z 434.2907 (C25H40O5N+, Δ 1.4 ppm) must therefore include C-22–C-40 and 318 

appended substituents as well as 7 RDBE, five of which presumably come from the olefinic 319 

methylene at C-26 and rings F–I. These features are all consistent with oxidation, possibly 320 
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accompanied by ring opening, of the E-ring of AZA1 and the presence of one or more carbonyl 321 

groups in AZA(872). The presence of carbonyl groups would be consistent with the broad and 322 

irregular peak shape for this compound (Figure S4), since these could undergo keto–enol 323 

tautomerization and related isomerizations on-column in the acidic mobile phase used in this 324 

study. AZA(872) was also detected in the freeze-dried mussel-tissue reference material (NRC 325 

CRM-FDMT1) (Figure S7) which, together with the detection of AZA65 in CRM-FDMT1 326 

(Figure S10), suggests that the metabolism observed in this in vitro study with the Norwegian 327 

mussel hepatopancreatic fraction approximates that which occurs in naturally-contaminated Irish 328 

mussels, even though the relative proportions of the AZA metabolites differed in the two systems. 329 

One early-eluting peak (AZA67) (Figure 2) was observed with [M+H]+ at m/z 874.4952 330 

(C47H72O14N+, Δ 0.5 ppm), consistent with a dihydroxylated derivative of AZA1, such as the 331 

known mussel metabolite AZA14 (3β,23α-dihydroxyAZA1). The product ion spectrum of this 332 

compound (Figure 6) showed ions from cleavages G and I–K, indicating that no hydroxylation 333 

had occurred in the C-24–C-40 region. Unexpectedly, the product ion spectrum did not contain 334 

ions consistent with cleavage A that would be anticipated if a 3β-hydroxy group was present, but 335 

product ions from cleavages B–D indicated dihydroxylation in the C-20–C-23 region. Product 336 

ions were also present that were consistent with cleavages F and H (Figures 3 and 6), which are 337 

indicative of 23α-hydroxylation. In addition to this, [M+H]+ and the product ions attributable to 338 

cleavages B–D all showed additional partial neutral losses of 30.0106 Da (CH2O) (cleavage E), 339 

which indicates the presence of an oxidized methyl group between C-20 and C-23. Thus, AZA67 340 

must be 22α-hydroxymethyl-23α-hydroxyAZA3. The stereochemistry at C-23 can reasonably be 341 

assumed to be identical to that of the 23α-hydroxyAZA1 (AZA8) already identified in the same 342 

sample. The presence of AZA67 is consistent with the observation that hydroxylation of the 22-343 

Me group was the predominant route of oxidation, followed by 23α-hydroxylation, and that only 344 

trace amounts of 3β-hydroxylation occurred with this system. 345 
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Metabolites from AZA2. As with AZA1, little metabolism of AZA2 was observed by 346 

LC–HRMS at 30 min (Table 1), but more than 50% conversion of AZA2 had occurred by 20 h 347 

(Figure 2). The metabolite profile for AZA2 was essentially identical to that of AZA1, except 348 

that the metabolites of AZA2 all contained an 8-Me group, and thus were 14.0157 Da heavier 349 

and eluted 1.3 min later than the corresponding metabolites from AZA1. Again, all three 350 

replicates showed similar metabolite profiles, with four new earlier-eluting peaks with [M+H]+ 351 

m/z values consistent with monohydroxylation (two peaks, m/z 872.5155), carboxylation at a 352 

methyl group (one peak, m/z 886.4947), and demethylation (one peak, m/z 842.5049) (Table 1, 353 

Figures 2 and S11). Numerous minor peaks corresponding to oxidized AZA2 were also present, 354 

including a broad early-eluting peak with [M+H]+ 886.4947 (AZA(886)), again closely 355 

paralleling the metabolism observed for AZA1. An authentic standard of AZA12 (23α-356 

hydroxyAZA2) was not available, and the identity of this metabolite is reported based on 357 

comparison of its MS/MS spectrum with the literature.59 AZA11 was reported as a 4.8% 358 

contaminant of AZA10 in the standard prepared by Kilcoyne et al.53 Careful examination of the 359 

HRMS/MS spectra of the two major monohydroxylated AZA2 metabolites indicated that the 360 

later-eluting analogue fragmented as expected for AZA12, but that the earlier-eluting analogue 361 

did not fragment in a manner consistent with AZA11 (Figures 3 and 7), nor did it co-elute with 362 

AZA11 present in the standard of AZA10 (Figure S12). Rather, this metabolite displayed partial 363 

losses of 30.0106 Da (CH2O) (cleavage E) from the pseudomolecular ion and all the product ions 364 

attributable to cleavages B–D, did not show cleavages F or H (which result from 23α-365 

hydroxylation), and displayed the characteristic AZA cleavages G and I–K. These results indicate 366 

hydroxylation of AZA2 between C-20 and C-23, and can only be accounted for by 22α-367 

hydroxymethylAZA6 (AZA66). Only very low levels of 3β-hydroxyAZA2 (AZA11) were 368 

detectable even after 20 h of metabolism. The characteristics of the later-eluting peak with 369 

[M+H]+ at m/z 886.4947 (Figure 2) are consistent with the known mussel metabolite 22α-370 

carboxyAZA3 (AZA19), with fragmentations including neutral losses of CO2 (cleavage E, Figure 371 
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3) from [M+H]+ and from product ions associated with cleavages B–D. This was confirmed by 372 

the rapid decarboxylation of AZA19 to give AZA6 upon heating of the extract, while the 373 

intensities of the peaks for AZA2, AZA11, AZA12, AZA66, AZA68 and AZA(886) were 374 

essentially unaffected (Figure S13). The fourth major metabolite from AZA2, with [M+H]+ with 375 

m/z 842.5049 had the same retention time (Figure S11) as, and an identical HRMS/MS spectrum 376 

to, 22-demethylAZA2 (AZA6). The very broad early-eluting peak of AZA(886) had the same 377 

[M+H] m/z as AZA19, but did not show any neutral loss of CO2 in its HRMS/MS spectrum. 378 

While its pseudomolecular ion was 14.0157 Da heavier than that of AZA(872) (Figure S5), the 379 

remainder of its product ion spectrum was identical to that of AZA(872) (Figure S6), and this, 380 

together with its chromatographic characteristics, indicate it to be identical to AZA(872) except 381 

for the presence of an 8-methyl group. As was the case with AZA1, metabolism of AZA2 with 382 

blue mussel HP-fraction afforded a minor early-eluting peak (Figure 2) with m/z consistent with 383 

[M+H]+ of dihydroxyAZA2 (AZA68). The product ion spectrum of AZA68 (Figure 6) exactly 384 

paralleled that of AZA67 except that the m/z of the product ions was consistent with the presence 385 

of an 8-Me group, thus indicating this compound to be 22α-hydroxymethyl-23α-hydroxyAZA6 386 

(AZA68). Although a standard of AZA9 (Figure S3), a known metabolite of AZA2 in mussels, 387 

was available, AZA9 could not be detected in extracts from the HP-fractions treated with AZA2, 388 

presumably due to the low rate of 3β-hydroxylation in this system. 389 

Metabolites from AZA3. Metabolism of AZA3 was significantly more rapid than for 390 

AZA2, with identified metabolites constituting ~10% of the total AZAs in the extracts after 30 391 

min (Table 1). By 20 h, the metabolite profile was dominated by 23α-hydroxyAZA3 (AZA5), 392 

with much lower levels of 3β-hydroxyAZA3 (AZA4) (Table 1, Figure 2) identified by LC–393 

HRMS/MS (Figure 8) and comparison with reference standards (Figure S14). Although low 394 

levels of numerous unidentified oxidized metabolites were present, no carboxy- or demethyl-395 

AZAs were identified. As with AZA1 and AZA2, a very broad early-eluting peak (denoted 396 

AZA(858)) was detected, in this case with [M+H]+ m/z 858.4634. Although this is the same m/z 397 
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value as would be expected for carboxyAZA3, the chromatographic, HRMS and HRMS/MS 398 

characteristics of AZA(858) (Figures 8 and S4–S6) closely paralleled those of AZA(872) and 399 

AZA(886) discussed above, except that product ions from cleavages B, C and the main product 400 

ion detected at m/z 420.2739 (C24H38O5N+, Δ ˗1.3 ppm) from AZA(858) were missing a CH2 401 

group relative to those from AZA(872). This confirms that the product ions at m/z 434.2901 in 402 

AZA(872) and AZA(886), and at m/z 420.2744 for AZA(858), contain C-22–C-40 of the AZA 403 

skeleton and, as discussed above for the metabolites of AZA1, these three metabolites 404 

(AZA(872), AZA(886), and AZA(858)) appear to be analogous, to contain extra carbonyl 405 

groups, and are possibly accompanied by ring-opening in the E-ring (C-21–C-25). A minor 406 

sharper, early-eluting peak (AZA13), was also present with m/z 860.4796 (C46H70O14N+, Δ 0.6 407 

ppm) (Figure 2), consistent with a dihydroxylated derivative of AZA3. Examination of the 408 

HRMS/MS spectrum of AZA13 (Figure 8) showed the presence of cleavage A, in addition to 409 

cleavages F–K, indicating the presence of both 3β- and 23α-hydroxylations on the AZA3 410 

skeleton. The stereochemistries of these oxidations can be assumed to be identical to those 411 

demonstrated by the observed formation of AZA8 and traces of AZA7 during the metabolic 412 

transformation of AZA1 using the same system, and therefore this compound is the known 413 

mussel metabolite AZA13 (Figure 1). 414 

Metabolism of AZAs. The metabolism observed in this study was closely aligned with 415 

that which has been described previously in mussels.10 In particular, the 22-Me group present in 416 

AZA1 and AZA2 was oxidized to form 22α-carboxyAZAs AZA17 and AZA18, which have 417 

previously been shown to undergo thermal decarboxylation to yield 22-demethylAZAs AZA3 418 

and AZA6.38, 50 It should be noted that although brief heating was used to induce decarboxylation 419 

in this and previous studies,38 we also observed significant decarboxylation of AZA17 to give 420 

AZA3 when an MeCN extract from metabolism of AZA1 was stored for several weeks at ambient 421 

temperature (~20 °C). Clearly, this decarboxylation occurs spontaneously even at room 422 

temperature, although the rate is accelerated by increasing temperature. This probably accounts 423 
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for the presence of 22-demethylAZAs and their metabolites detected in the in vitro metabolism 424 

experiments with the HP-fractions, as well as in mussels naturally contaminated with AZAs. 425 

Previous studies have not reported any intermediates between the 22-methylAZAs 426 

AZA1 and AZA2, and their 22α-carboxy derivatives AZA17 and AZA19. In this study, we 427 

observed major metabolites that LC–HRMS/MS unambiguously showed to be 22α-428 

hydroxymethylAZAs AZA65 and AZA66, which have not previously been identified in 429 

contaminated shellfish or in Azadinium cultures. Given that AZA65 and AZA66 are intermediate 430 

in their oxidation states at their C-22-substituent between precursors AZA1 and AZA2 and 431 

metabolites AZA17 and AZA19, AZA65 and AZA66 are highly likely to be intermediates in the 432 

known metabolic conversion of AZA1 and AZA2 into AZA17 and AZA18, which is then 433 

followed by spontaneous decarboxylation to AZA3 and AZA6 (Figure 4). In this study, AZA3 434 

was metabolized predominantly to its 23α-hydroxy derivative (AZA5), and the only other 435 

significant hydroxylation product was 3β-hydroxyAZA3 (AZA4), with traces of the 3β,23α-436 

dihydroxyAZA3 (AZA13) being formed, and as with AZA1 and AZA2, 3β-hydoxylation 437 

appeared to be much slower than 23α-hydroxylation for AZA3. 438 

The only carboxylic acid derivatives observed in this study were AZA17 and AZA18, 439 

produced by oxidative metabolism of AZA1 and AZA2, respectively. No carboxylic acid 440 

derivatives of AZA3 were detected which, together with observations for AZA1 and AZA2, 441 

indicates that the 22-Me group is strongly favored as the site for oxidative metabolism in the blue 442 

mussel HP-fraction. This is in accord with the metabolites that have so far been detected in 443 

naturally contaminated blue mussels. However, novel broad, early-eluting peaks of oxidized 444 

AZAs AZA(872), AZA(886), and AZA(858) were observed as metabolites of AZA1–3, 445 

respectively, which had the same accurate mass as expected for their respective carboxylic acid 446 

derivatives (Figures 2, S4 and S5). Analysis of the LC–HRMS/MS data for the three metabolites 447 

(Figures 5, 7, 8, and S6) showed that oxidation has occurred between C-16 and C-27, does not 448 

depend on the presence of a 22-Me group, does not appear to involve formation of a carboxylic 449 
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acid group, and results in the formation of a novel HRMS/MS product ion containing C-22–C-450 

40 and appended substituents. While the structure of this new group of metabolites is only 451 

partially determined, their chromatographic and mass spectral characteristics suggest (as 452 

discussed in more detail above for AZA(872)) the insertion of ketones or aldehydes, along with 453 

possible opening of the E-ring that is normally closed by a hemiketal linkage at C-21 in 454 

precursors AZA1–3. Full identification of these metabolites will require additional studies, 455 

possibly including purification and structure elucidation by NMR spectroscopy. Their presence 456 

also serves as a reminder that it is unsafe to assume that all AZAs will fragment in a similar 457 

manner to the more familiar AZAs such as AZA1 and AZA2, and that it would be wise to include 458 

a wider array of cleavages, such as cleavages I–K, in addition to cleavage G (Figure 3), when 459 

searching MS/MS spectra for candidate AZA analogues and metabolites in natural samples. 460 

Comparison with an extract from highly contaminated blue mussels from Bruckless, 461 

Ireland, showed significant differences to the metabolite profiles found in our in vitro study 462 

(Figures S10 and S15–S19). The main differences were that a much lower proportion of 3β-463 

hydroxylation and 22α-hydroxymethyl oxidation (to 22α-carboxy) were apparent in vitro, such 464 

that a relatively low proportion of AZA7 and high proportion of AZA65 accumulated when 465 

AZA1 was metabolized in vitro, compared to naturally contaminated mussels. Nevertheless, 466 

AZA65–AZA68, and AZA(872) were identified by LC–HRMS/MS (method A) at low levels in 467 

naturally contaminated blue mussels and in two mussel tissue reference materials based on their 468 

retention times (Figures S10 and S15–S19) and HRMS/MS spectra. The presence of novel AZAs 469 

AZA65–AZA68, and AZA(872) in CRM-FDMT1 was confirmed by comparison with the 470 

metabolized samples (Figures S7 and S20–S24) using a second analytical method, LC–471 

HRMS/MS (method B), which included application of PRM and DDA methods to acquire 472 

HRMS/MS spectra. The presence of AZA65–AZA68, AZA(872), and AZA(886) in tissue 473 

reference materials (Figures S7, S10, and S15–S24) will facilitate the confirmation of these 474 

metabolites in shellfish and algae by other researchers. 475 
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Previous work found that ELISA analysis of AZAs in shellfish, using an antibody that 476 

recognizes only the ring-F–I substructure, gave concentrations significantly higher than targeted 477 

LC–MS/MS methods, even when AZA1–10 were included in the LC–MS/MS method.61 478 

However, the broader array of AZA metabolites being revealed in mussels by modern untargeted 479 

LC–MS techniques, such as those identified here, and in other studies10, 44, 57, 62 provide a 480 

plausible explanation for this difference. This is because all the metabolites identified to-date in 481 

shellfish contain the rings-F–I substructure that is recognized by the antibodies, but not all are 482 

detected with routine LC–MS/MS methods. Previous studies suggest that the in vitro toxicity of 483 

AZAs resides primarily in rings E–I,10, 54 so it would be interesting to have toxicological data on 484 

some of the new metabolites such as AZA65–AZA68, AZA(872), AZA(886), and AZA(858) 485 

given that AZA65–AZA68, AZA(872), and AZA(886) were also detected in mussel samples. 486 

In addition to providing valuable new information about the metabolism of AZAs, this 487 

study also showed that it is potentially possible to efficiently convert AZAs into blue mussel 488 

metabolites in vitro. Thus far, shellfish metabolites of AZAs, such as AZA3–10, have had to be 489 

laboriously isolated from contaminated shellfish.52 AZA1 and AZA2 can be efficiently produced 490 

in algal culture,41, 54 so if the in vitro metabolism procedure can be scaled up, then practical routes 491 

to the production of AZA metabolites will become available for production of standards. These 492 

would be invaluable for use in analytical method development and validation, toxicological 493 

studies, and other areas of research. This approach may also prove useful for providing 494 

metabolites of other classes of marine algal toxins. 495 
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Table 1. Percentage of AZA analogues present in specimens of AZA1, AZA2, and AZA3 718 
metabolized by the HP-fraction from blue mussel hepatopancreasa 719 

Azaspiracid 

analogue 

AZA1 AZA2 AZA3 

30 min 20 h 30 min 20 h 30 min 20 h 

AZA1 92.9–95.1 5.7–34.7 ND ND ND ND 

AZA2 ND ND 92.5–95.9 42.0–49.3 ND ND 

AZA3 1.7–2.4 13.3–21.6 ND ND 87.9–94.6 12.1–25.1 

AZA4 ND ND ND ND 0.4–0.5 2.5–2.9 

AZA5 ND 0.2–0.9 ND ND 5.0–11.5 70.8–83.3 

AZA6 ND ND 1.4–2.3 16.5–18.2 ND ND 

AZA7 0.1 0.3–0.5 ND ND ND ND 

AZA8 0.7–1.0 10.7–15.2 ND ND ND ND 

AZA10 ND ND ND 0.3–0.4 ND ND 

AZA11 ND ND 0.3 0.3 ND ND 

AZA12 ND ND 0.6–1.0 7.0–7.9 ND ND 

AZA13 ND ND ND ND ND 0.3–0.5 

AZA17 1.6–2.6 17.4–29.3 ND ND ND ND 

AZA19 ND ND 1.5–2.7 20.5–23.3 ND ND 

AZA65 0.6–0.8 10.8–14.1 ND ND ND ND 

AZA66 ND ND 0.3–1.1 3.2–4.2 ND ND 

AZA67 ND 0.3–0.6 ND ND ND ND 

AZA68 ND ND 0.1 0.6–0.8 ND ND 

AZA(872) 0.1–0.2 8.8–15.7 ND ND ND ND 

AZA(886) ND ND ND 2.7–3.4 ND ND 

AZA(858) ND ND ND ND ND 1.3–1.8 

aRanges for three replicates (except only two replicates for AZA2 at 20 h) at each time point. 720 
Concentrations are estimated from the areas under peaks in full-scan extracted ion (±5 ppm) 721 
LC–HRMS (method A) chromatograms, assuming identical response factors. ND, not detected. 722 
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 724 

Figure 1. Structures of AZAs mentioned in the text, with variable functionality at R1–R4 (C-1, 725 
C-8, C-22, and C-23). Note that all m/z values are exact masses, and that for AZA(872), 726 
AZA(886), and AZA(858), the structures in the ring-E region are undetermined. 727 
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 728 
Figure 2. LC–HRMS (method A) base peak chromatograms (m/z 790–920) of extracts from 729 
metabolism (20 h) by the HP fraction of: top, AZA1; middle, AZA2 and; bottom, AZA3. Peaks 730 
are labeled with compound names (Figure 1), the retention time (min) and accurate mass (m/z). 731 
AZA(858) elutes at 2.7–4.9 min (main peak at 3.32 min, see Figure S4) and is not visible on the 732 
above AZA3-metabolism chromatogram. 733 
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 735 

Figure 3. MS/MS fragmentations of AZAs observed during LC–HRMS/MS analyses (see 736 
Figures 5–8 and Table S1). Note that fragmentations included losses of up to four water 737 
molecules, and pathway A was only observed when R3 = OH, fragmentation pathway E was 738 
observed only with R2 = CO2H or CH2OH, and fragmentation pathways F and H were only 739 
observed when R4 = OH.740 
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741 
Figure 4. Proposed AZA interconversions observed for AZA1–3 in the HP-fraction isolated 742 
from blue mussels (M. edulis). Note that AZA3 does not contain a 22-methyl group and so, 743 
unlike AZA1 and AZA2, cannot undergo oxidative transformations at this position (reactions 744 
shown in the left-hand column). 745 
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 747 

Figure 5. LC–HRMS/MS (method A) spectra of major components obtained during analysis of 748 
an extract of AZA1 after incubation for 20 h with blue mussel the HP-fraction (Figures 2 and 749 
4). Structures of the analytes are shown in Figure 1, and fragmentation pathways are shown in 750 
Figure 3.  751 
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 752 

Figure 6. LC–HRMS/MS (method A) spectra of the identified minor components 22-753 
hydroxymethyl-23-hydroxyAZA1 (AZA67) and 22-hydroxymethyl-23-hydroxyAZA2 (AZA68) 754 
obtained during analysis of an extract of AZA1 and AZA2 after incubation for 20 h with blue 755 
mussel the HP-fraction (Figures 2 and 4). Structures of the analytes are shown in Figure 1, and 756 
fragmentation pathways are shown in Figure 3.  757 
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 758 
Figure 7. LC–HRMS/MS (method A) spectra of major components obtained during analysis of 759 
an extract of AZA2 after incubation for 20 h with blue mussel the HP-fraction (Figures 2 and 4). 760 
Structures of the analytes are shown in Figure 1, and fragmentation pathways are shown in Figure 761 
3.  762 
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 763 

Figure 8. LC–HRMS/MS (method A) spectra of major components obtained during analysis of 764 
an extract of AZA3 after incubation for 20 h with blue mussel the HP-fraction (Figures 2 and 765 
4). Structures of the analytes are shown in Figure 1, and fragmentation pathways are shown in 766 
Figure 3. 767 
  768 
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