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ARTICLE INFO ABSTRACT

Handling Editor: B Lomonte Azaspiracid (AZA-40) produced by the dinoflagellate Azadinium poporum is isobaric with the regulated analogue

AZA-1 and has been detected across a wide geographic range. In this study, an A. poporum strain originally

Keywords: isolated from the South China Sea was mass cultures, and AZA-40 was subsequently purified and structurally
Harmf.‘ﬂ a_lga] blooms characterized by NMR spectroscopy and high-resolution mass spectrometry. NMR analysis confirmed the high
gziig;r?:ﬁzity structural similarity between AZA-40 and AZA-1, with AZA-40 containing an additional methyl group at C-8 and
NMR lacking the methyl group at C-39. AZA-40 was approximately eight times more potent than regulated AZA-1 in

inducing the oxidative stress response in the AREc32 assay and four times more cytotoxic in vitro, as measured by
cell confluency. Activation of the oxidative stress response is indicative of exposure to highly reactive, and in
some cases genotoxic, chemicals and is a useful proxy for adaptive stress responses that may occur in vivo. The
high in vitro toxicity of AZA-40, in conjunction with the wide geographic distribution of the AZA-40-producing
dinoflagellate A. poporum, suggests that this compound should be closely monitored in plankton and shellfish to
assess its potential risk to food safety. The monitoring of novel AZAs by LC-MS typically requires reference
standards for each compound. However, owing to the high structural similarity between AZA-40 and AZA-1,
quantification of AZA-40 by LC-MS/MS yielded good results when AZA-1 was used as an external reference
standard.

Azadinium poporum

2018). To date, over 70 AZA analogues have been detected in various
environmental samples, including plankton, dinoflagellate cultures, and

1. Introduction

Some marine dinoflagellates produce toxins that pose threats to
human health. Azaspiracids (AZAs) are lipophilic marine phycotoxins
that can cause shellfish poisoning. Following the initial confirmation of
Azadinium spinosum as an AZA-producing dinoflagellate (Tillmann et al.,
2009), AZA-producing Amphidomataceae and AZAs have been regularly
observed in the Atlantic and Pacific Ocean, suggesting that AZA
contamination could pose a global issue for shellfish aquaculture and
food safety. This particularly refers to the AZA-producing species Aza-
dinium poporum. After its first description from the North Sea (Tillmann
etal., 2011) a large number of strains of this species from different areas
around the globe have been described (Kim et al., 2017; Tillmann,
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shellfish (Krock et al., 2019). AZA analogues were identified via various
analytical methods, including nuclear magnetic resonance (NMR)
spectroscopy and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analyses. To date, all documented cases of azaspiracid
shellfish poisoning, including the first reported event in 1995, have been
associated with the consumption of shellfish originating from Irish
coastal waters (Satake et al., 1998a, 1998b; Twiner et al., 2008).
However, anecdotal reports from shellfish consumers who exhibited
poisoning symptoms, despite the absence of diarrhetic shellfish toxins or
Vibrio contamination, suggest that shellfish from other regions also
experienced poisoning events (e.g., Washington State, Pacific Northwest
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coast of the USA, Trainer et al., 2013). Yet, only three AZAs (AZA-1, -2,
and -3) are currently regulated in Europe, with a maximum limit of
160 pg AZA-1 equivalents per kilogram of shellfish meat (European
Community, 2004). The United States Food and Drug Administration
also established a guidance value for AZAs in shellfish of 160 ug AZA-1
equivalents per kilogram (FDA, 2022).

Since 2011, the standard method for monitoring shellfish phyco-
toxins in the Euro-zone is quantification using mass spectrometry
(European Community, 2011). Due to the limited regular monitoring of
AZAs, the scientific community has clearly identified the need to screen
new strains of potentially toxic dinoflagellates, as well as their products
in shellfish (e.g., Krock et al., 2024). These mass spectrometric (MS)
screenings yield qualitative data on the type of toxins present in envi-
ronmental samples and provide quantitative information, while
requiring only small amounts of biomass.

A MS screening of 16 strains of A. poporum from different geographic
locations in the South China Sea revealed a novel analogue (AZA-40)
that was isobaric to the regulated compound AZA-1 as well as AZA-41
(Krock et al., 2014). Later, AZA-40 was also detected in strains from
the Ionian Sea, Eastern Mediterranean Sea (Luo et al., 2018) and the
Northwestern Pacific (Takahashi et al., 2021). AZA-40 can easily be
misidentified as AZA-1 in liquid chromatography-mass spectrometric
analyses because of similar retention times and fragmentation into the
same the quantifier mass transition (m/z 842 -> 824) (Krock et al.,
2014). The analysis of the CID spectra suggested an additional methyl
group between carbons C-1 and C-9, as well as the absence of a methyl
group in a portion of the molecule comprising carbons C-33 to C-39
(rings H, I) of AZA-40, in comparison to AZA-1, however, a full struc-
tural characterization was not possible (Krock et al., 2014).

The high structural similarity of AZA-1 and AZA-40 motivated the
inquiry in this study to address the impact of these structural modifi-
cations on toxicological effects. It is largely unknown how structural
differences between AZA analogues affect their toxicity and if some
analogues pose significantly higher risks. Yet, some data suggest that
even minor modifications, such as methylation or demethylation, can
significantly alter toxicity (Twiner et al., 2008). AZA-1, -2, and -3 have
similar toxicity equivalency factors (TEFs) in mice (1.0, 1.8, and 1.4) but
larger discrepancies in TEFs for the cytotoxicity Jurkat T lymphocytes
(1.0, 8.3 and 4.5; Twiner et al., 2012a, b). The lymphocyte assay also
suggest that some AZA analogues have significantly lower toxicity than
the regulated reference compounds (e.g., AZA-26 TEF 0.03, AZA-59 TEF
0.2; Kilcoyne et al., 2018; Tebben et al., 2023). Therefore, better data on
the toxicity of AZA analogues are urgently needed. The exposure of cells
to AZAs has been demonstrated to result in a downregulation of
glutathione-S-transferase (GST) and an increase in anaerobe glycolysis
(Twiner et al., 2008). These processes interact with levels of glutathione
(GSH) and acetyl coenzyme A (Acetyl-CoA). Consequently, AZA has
been shown to induce intracellular oxidative stress following exposure
to enteric glial cells (Reale et al., 2019) and intestinal epithelial
Caco-2 cells (Zhao et al., 2024). Pradhan et al. (2022) stated that
oxidative stress is an important but understudied area of marine
plankton toxicity. Oxidative stress response (OSR) is a hallmark of
antioxidant defense and reactive toxicity (Kensler and Wakabayashi,
2010; Baird and Yamamoto, 2020) and is triggered by chemicals that
produce reactive oxygen species or directly by soft electrophiles both of
which can activate a central cellular defense system that protects against
oxidative and electrophilic stress via modification of specific cysteine
residues on keap1 that than dissociates from Nrf2 and translocates to the
nucleus and activates the antioxidant response element ARE (ie.,
keap-Nrf2-ARE pathway). This pathway leads to the production of
antioxidant enzymes, phase II detoxification enzymes, and
redox-regulating proteins. However, when this protective system is
overwhelmed, one of the result is often oxidative damage. OSR is a
cellular key event involved in numerous adverse outcomes including
most non-communicable diseases and cancer (Barnham et al., 2004;
Carrier, 2017; Liguori et al., 2018).
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The aim of this study is to fully elucidate the structure of AZA-40 by
NMR and compare its toxicity to AZA-1 by assessment of the cytotoxicity
and adaptive response to oxidative stress via the keap-NFR2-ARE
pathway in a high-throughput reporter gene assay. The cellular
response to oxidative stress was measured using a reporter cell line that
is routinely used to determine the toxicity of environmental toxins
(AREc32, Wang et al., 2006). The AREc32 cell line contains a luciferase
reporter gene that is expressed when the antioxidant response of cells is
triggered by reactive chemicals that directly or indirectly reduce reac-
tive oxygen species and oxidative damage. The toxicological comparison
of AZA-40 with AZA-1 is particularly interesting due to the high struc-
tural similarity of both compounds and can shed further light on the
pharmacophores of AZAs.

2. Material and methods
2.1. Cell culture and sample preparation

Azadinium poporum strain AZBH 03 was isolated May 2010 in the
South China Sea (21°23' N, 109°07’ E), China and shown to produce
novel AZA-40 (~0.5 fg cell’l, Krock et al., 2014). Mass cultures of 800 L
were grown in half-strength K-medium (Keller et al., 1987), without
ammonia and full-strength concentration of vitamins and salts, and
modified by replacing the organic phosphorus source with 3.62 pM
NayHPOy. Cells were harvested by continuous flow centrifugation at
2000 g and the supernatant was directly run through a pre-conditioned
styrene-divinylbenzene adsorbent resin (~300 g, HP-20, Diaion
Supelco). The retentate was desalted and eluted with methanol. The cell
pellet was freeze dried and extracted with acetone. The acetone extract
was diluted with ultrapure water to a final concentration of 7% acetone,
loaded onto a HP-20 column (dimensions 40 mm x 150 mm), desalted
and eluted with methanol.

2.2. Sample preparation and separation

The toxin-containing fractions were dried under vacuum with a small
amount of silica gel prior applying to silica chromatography. Com-
pounds were eluted by stepwise elution (20% increments) from 100%
hexane to 100% ethyl acetate to 100% methanol. All AZA-containing
fractions were pooled and subjected to purification using a C18 col-
umn (15 x 310 mm, Merck Lobar) with solvent A: water, solvent B:
methanol and solvent C: acetonitrile (AcN). After injection, the samples
were eluted isocratically at 50% A and 50% B for 10 min, followed by a
30 min gradient to 100% B and held for 10 min, and a 20 min elution at
100% C. Fractions with a relatively high degree of purity and low
amount of the coeluting compound AZA-41 (Krock et al., 2014) were
subjected to a final purification step HPLC with solvent A: water and
solvent B: AcN using a C18 column (10 mm x 150 mm, 4 mL min~!, C18
ISIS, Macherey & Nagel). After an initial phase of 55% solvent B for
9 min, a gradient to 60% B was applied over 1 min followed by a
gradient to 100% B for 1 min. These conditions were maintained for
4 min. The purity of the AZA-40 was determined by NMR spectroscopy
(Figs. S1-S10, S13). The purification yielded approximately 500 pg of
pure AZA-40 that was divided between the sample for structure eluci-
dation, the bioassays and a sample for the LC-MS calibration.

2.3. LC-HRMS

AZA-40 was further analyzed by Ultra-High-Performance Liquid
Chromatography (UHPLC) coupled to a high-resolution mass spec-
trometer (Q-Exactive Plus, both Thermo Fisher Scientific) using direct
injection at a flow-rate of 5 pL min!. Positive Ion Calibration Solution
(Pierce, Thermo Fisher Scientific) was used for the calibration of the
instrument. The capillary temperature was set to 300 °C, the auxiliary
gas temperature 300 °C, spray voltage 3.5 kV, sheath gas flow 10 and
auxiliary gas rate 3. Resolution of the MS was 280,000 (m/z 200). The



C. Zurhelle et al.

normalized collision energy was 30. The scan range was 150 to 1000 m/
2. Molecular assignment of the [M+H] " ions were accepted when within
the mass tolerance range of the instrument's error (<1 ppm). The Xca-
libur software package (Thermo Electron Corporation) was used to
export exact mass lists, intensity, noise level and resolution to individual
peak lists.

2.4. NMR analyses

The purified AZA-40 was dried under vacuum and dissolved in 40 pL
deuterated methanol. Bruker standard pulse programs as well as
IMPACT-HMBC as described by Furrer (2010) were used. NMR experi-
ments were measured at 292 K with a Bruker AVANCE II 600 MHz NMR
spectrometer equipped with a 1.7 mm CPTCI cryoprobe. The spectra
were referenced to the solvent residual peak (3.33 ppm CHD,0OD for
'H-NMR and 49.0 ppm for 13C). For the qNMR of AZA-40, the dried toxin
was dissolved in 40 pL deuterated methanol containing 1.90 mmol L~}
tetramethylsilane (TMS). At the same time, three samples containing a
mixture of defined amounts of theophylline (24.9 pg), maleic acid
(47.9 pg) and succinic acid (431.0 pg) each containing the internal
standard were simultaneously prepared with the toxin sample to
externally calibrate the TMS concentration at the time of quantification.
The proton spectra for quantification were acquired with a 90° pulse,
ns = 32, aq = 3sand d1 = 27 s. The quantification of AZA-40 was based
on the mean area for signals of H-4, H-9a, H-16, and H-25 (Fig. S13).

2.5. Quantification of AZAs by liquid chromatography tandem mass
spectrometry (LC-MS/MS)

The quantification by mass spectrometry was prepared from purified
AZA-40 that did not come into contact with deuterated solvents prior to
the LC-MS/MS analysis to avoid deuterium exchange. To achieve this, an
aliquot of the purified AZA-40 was adjusted to 10 mL in a measuring
flask in CH30H. 1 mL of this solution was dried under vacuum in a
centrifugal concentrator (Savant SpeedVac, Thermo Fisher Scientific) in
a high recovery vial (Waters) and taken up in 40 pL CD3OD for gqNMR.
The measured concentration of was 0.56 pg L~ in the gqNMR sample
(Fig. S13). The CH30H solution was used to produce the dilutions for the
quantitative LC-MS measurements (Fig. S14). The LC-MS analysis was
performed on a LC-MS/MS system in selected reaction monitoring mode
(HPLC: model 1100, Agilent, Waldbronn, Germany), equipped with a
reverse-phase column (Hypersil C8BDS 120 A, 50 x 2 mm, 3 pm, Phe-
nomenex) at 20 °C and 0.2 mL min ' (Kim et al., 2017). A gradient
elution was performed with solvent A: water and solvent B: AcN:water
(95:5 v/v), both containing 2.0 mM ammonium formate and 50 mM
formic acid. Initial conditions were 8 min column equilibration with
30% B, followed by a linear gradient to 100% B in 8 min, and isocratic
elution for 10 min with 100% B. The system was then returned to initial
conditions. The detection parameters of the AZAs are shown in Table 1.

2.6. Oxidative stress response (AREc32) bioassays

The AREc32 reporter cell line is based on the MCF7 breast cancer cell
line with a luciferase reporter gene after the antioxidant response
element ARE (Wang et al., 2006). The AREc32 assay was performed
according to Escher et al. (2012) but on a 384-well plate format with
both toxins in quadruplicate 11-fold dilution series per experiment using

Table 1
Selected reaction monitoring parameters for the quantification (Krock et al.,
2019).

mass transition common retention time time collision
(m/2) name (min) (ms) energy (V)
842 > 824 AZA-1 2.25 20.0 40

842 > 824 AZA-40 1.97 20.0 40
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0.6 pg in two independent experiments. Tert-butyl-hydroquinone
(tBHQ) was used as a positive control.

The relative cell numbers were quantified as confluency, which was
immediately measured after dosing and then again after another 24h
incubation at 37 °C and 5% CO- using an IncuCyte S3 live cell imaging
system (Essen BioScience, Ann Arbor, Michigan, USA). Quantitative
analysis of cell confluency was performed using the IncuCyte S3 soft-
ware. Confluency served as surrogate for cell viability and proliferation
and details of the cytotoxicity assessment is given by Escher et al.
(2019).

2.7. Evaluation of bioassay results

The inhibitory concentration for 10% reduction of cell confluency
(IC10), a measure indicative for cytotoxicity, was determined from the
linear range of the concentration-cytotoxicity curve. The induction of
the oxidative stress response (ARE) is proportional to the luciferase
expression and can therefore be assessed by the measurement of biolu-
minescence which is given as relative light units (RLU). The induction
ratio (IR) is then defined as the ratio of the RLU of the sample divided by
the average RLU of the controls.

The concentration-effect curve was measured using a serial dilution
to determine the ECr; 5 for activation of oxidative stress response
(Escher et al., 2018). Only concentrations below IC;( for cytotoxicity
were used to derive the ECry.s. The ECry 5 is the concentration that
causes and IR of 1.5, i.e., an induction 50% over the control. The ECr1 5
can be derived using the linear regression function forcing the line
through the point x = 0, y = 1 (control).

3. Results and discussion
3.1. Structure elucidation of AZA-40

The initial mass spectrometric investigation of A. poporum (AZBH 03)
suggested a high structural similarity between AZA-1 (Fig. 1, 1) and the
novel AZA-40 (3). High resolution mass spectra (Table 3) supported
proposed molecular formulas as suggested by Krock et al. (2014). To
consolidate the results derived from mass spectrometric investigations,
we performed nuclear magnetic resonance (NMR) experiments to
elucidate the structure (Figs. S2-S10, S12). This approach entailed the
comparison of the spectroscopic data of AZA-1 (Kenton et al., 2018a,
2018b; Nicolaou et al., 2003a, 2004b, 2003b, 2004c; Ofuji et al., 1999;
Satake et al., 1998a) with the chemical shifts of AZA-40. A high
discrepancy of chemical shifts in the A/B and H/I ring systems in com-
parison to AZA-1 was confirmed, thereby corroborating previous reports
that suggested these molecular parts to differ between AZA-1 and
AZA-40 (Krock et al., 2014). The spin system of ring I of AZA-40 (Fig. 1)
was identified by TOCSY and HSQC-TOCSY experiments. The chemical
shift of C-37 in the 135° DEPT experiment revealed a positive signal,
whereas the chemical shift of C-39 showed a negative signal, confirming
a single methyl group at C-37 in ring I of AZA-40. Therefore, AZA-40
lacked the methyl group at C-39 in comparison to AZA-1. Initially, one
methyl group was assumed to be located between C-1 and C-9 of AZA-40
based on the CID data (Krock et al., 2014). Cross-peaks of the methyl
group with H-6, and H-7 (COSY) and C-6, C-7, C-9 (HMBC) spectra
narrowed down the position to either C-7 or C-8. The strong COSY cross
peak between C-6 and a methylene group at 1.71 ppm, seemingly sug-
gested a methylene at position 7 and a double bond between positions 8
and 9 (Fig. 1, 3a). A similar coupling was observed during the first
structural characterization of AZA-1 where the double bond was
assigned to C-8 and C-9 (Satake et al., 1998b). This initial annotation
was corrected after comparison of the natural toxin with a synthetized
version and its precursor (Nicolaou et al., 2004a), therefore proving that
the unusual long-range coupling between C-6 and C-9 is typical for this
ring system and was even observed in a similar, simpler structure, such
as lissoketal (Fig. 1, 4: C-1 to C-4, Hopmann and Faulkner, 1997). This
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H a0

AZA-1 (1) R1=H; R2=H; R3=CH,; R4=H; R5=CH,

AZA-2 (2) R1=H; R2=CH; R,=CH,; R4=H; R5=CH,
AZA-9 (5) R1=0H; R2=CH,; R3=H; R4=H; R5=CH,
AZA-10 (6) R1=H; R2=CH,; R3=H; R4=0OH; R5=CH,
AZA-59 (7) R1=0H; R2=H; R3=CH,; R4=H; R5=CH,

m/z 480 = m/z 462

,’m/z 280 = m/z 262
-H,0
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m/z 466 = m/z 448
0

AZA-40 (incorrect, 3a)

OH
o

lissoketal (4)

Fig. 1. Structures of AZA-1 (1) (Kenton et al., 2018a, 2018b; Nicolaou et al., 2003a, 2004b, 2003b, 2004c; Ofuji et al., 1999; Satake et al., 1998a) and AZA-40 (3)
with characteristic CID fragments (m/z values in red, also see Sandvik et al. (2021)), the incorrect structure of AZA-40 (3a), the structure of lissoketal (4) and the
structural analogues AZA-2 (2), AZA-9 (5), AZA-10 (6) and AZA-59 (7). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

structural variant is also observed in AZA-2 (2), AZA-9 (5) and AZA-10
(Fig. 1, 6, Kilcoyne et al., 2015). Consequently, the comparison of the
chemical shifts of AZA-40 with the literature (AZA-2, Table 2) revealed
high similarity of chemical shifts especially for nuclei of ring A
(Nicolaou et al., 2006a; Ofuji et al., 1999). Therefore, the position of the
double bond in AZA-40 was annotated between C-7 and C-8, the methyl
group to C-8 and a methylene group to C-9 (Fig. 1, 3).

NMR experiments were not sufficient to fully elucidate the stereo-
chemistry of AZA-40. The comparison of the 'H and '3C NMR data of
AZA-40 with those reported for AZA-2 and 37-epi-AZA-2 (Table 2)
revealed small but distinct differences in the chemical shifts of nuclei in
ring H (Table 2). Initially, these deviations were interpreted as the result
of the stereochemical configuration at C-37, because the chemical shifts
of AZA-40 seemingly agreed better with those of 37-epi-AZA-2 than with
those of AZA-2 (Ofuji et al., 1999; Kilcoyne et al., 2014a). The subse-
quent analysis of ROESY spectra of AZA-40 (Figs. S11 and S12), how-
ever, did not support a 37-epimer. Clear cross-peaks between H-37 and
H-35, as well as between Me-37 and the protons at C-33, indicated that
the Me-37 had an equatorial orientation in ring I, placing H-37 in an
axial position with H-35. Therefore, the ROESY data support the same
FGHI ring stereochemistry as established for AZA-1. However, the ab-
solute configuration (28S,30S,32R,33R,34R,36S,37S or 28R,30R,32S,
33S,34S,36R,37R) could not be elucidated on the basis of the available
data and the slight chemical shifts for the nuclei in ring H in comparison
to the literature values warrant further investigation. Within rings A-C,
the ROESY spectrum showed a cross-peak between H-6 and Me-14 that
constrained the configurations at C-6, C-10, C-13, and C-14, consistent
with the established configuration of AZA-1 (6R,10R,13R,14R), with the
enantiomeric series (6S,10S,13S,14S) equally plausible in AZA-40 based
on the available data. The ROESY also showed cross-peaks between
H-16 and H-14 as well as H-18 (and no cross-peak with C-19), which
would suggest a stereochemical configuration of 6R,10R,13R,14R,16S,
17S,19R in contrast with the established structure for AZA-1 (16R,17R,
19S). The cross-peak is in highly populated area, however, and the

differences between AZA-40 and AZA-1 should be confirmed. The ge-
ometry of the C-4/C-5 double bond was unambiguously assigned as E on
the basis of coupling constants and NOE data. For ring E, ROESY cor-
relations between H-25 and a proton at C-23 indicated that H-25 oc-
cupies an axial position. In addition, H-25 showed ROESY correlations to
both methyl groups at C-22 and C-24 (Me-22 and Me-24) agreeing with
the C-24 methyl group in equatorial configuration (24S,25S) as estab-
lished for AZA-1. The cross-peak between H-25 and Me-22 suggests a
boat conformation, in which the C-22 methyl group approaches the axial
H-25. With R configurations at both C-21 and C-22, the ABCD system
would occupy the space that an equatorial C-22 methyl group would
take in a chair form, making a boat conformation of ring E energetically
more favorable. Molecular modeling studies would be required to
confirm this assumption.

In summary, AZA-40 can be described as 8-methyl-39-desmethyl-
AZA-1 or 39-desmethyl-AZA-2 with a stereochemistry that is mostly
consistent with that of AZA-1, with the putative 16S,17S configuration
requiring further investigation.

3.2. Quantitative comparison of AZA-1 by LC-MS and NMR

AZA-1 is frequently utilized as an analytical LC-MS/MS standard for
other AZA derivatives. However, it is often unclear how well the ioni-
zation efficiency as well as fragmentation of AZA-1 corresponds to that
of AZAs without available reference standards for these compounds. We
compared the expected concentrations of AZA-40 as calculated from a
dilution series of the sample quantified by gQNMR (mean area for signals
of H-4, H-9a, H-16, and H-25) to the concentration derived from LC-MS
as AZA-1 equivalents (derived from dilutions of the NRC standard). The
correlation between both quantifications showed the same response and
R? of 0.99 (Fig. S14). The analytical deviation (7 %) was within the
instrumental deviation found for two independently diluted and
measured AZA-1 reference standards. This suggests that AZA-1 can be a
reliable analytical standard for the quantification of AZA-40.
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Table 2

The NMR chemical shifts (8) of the novel AZA-40 (Figs. S1-S10) in comparison
with the NMR chemical shifts (§) of AZA-2 (Ofuji et al., 1999) with nomenclature
revised by Nicolaou et al. (2006a,2006b).

No. AZA-2 (2) AZA-40 (3) 37-epi-AZA-2
13¢ 1 13¢ 14 13¢ 1
1 177.8% 181.5 n.r.
2 35.6 2.34,2.34 38.4 2.24,2.24 n.r. n.r.
3 29.5 2.31, 2.31 30.2 2.33,2.33 n.r. n.r.
4 132.8 5.68 133.2 5.74 n.r. n.r.
5 132.1 5.42 130.7 5.41 n.r. n.r.
6 73.3 4.72 72.4 4.74 n.r. n.r.
7 123.6 5.32 122.7 5.36 n.r. n.r.
8 132.8 130.7 n.r.
8-Me 23.8 1.67 22.8 1.71 n.r. nr.
9 41.1 2.42,1.97 40.1 2.44,1.99 n.r. n.r.
10 108.3 107.1 n.r.
11 34 2.33,1.65 37.1 2.18,1.97 n.r. n.r.
12 38.3 2.16, 1.96 329 2.36, 1.67 n.r. n.r.
13 1121 111.1 n.r.
14 31.7 2.00 30.6 2.04 n.r. 2.01
14-Me 17.4 0.93 16.5 0.95 n.r. 0.94
15 33.4 1.83,1.73 32.2 1.83,1.77 n.r. 1.82,1.75
16 79 3.87 77.5 3.9 78.1 3.91
17 74.2 4.20 72.9 4.19 73 4.17
18 37.7 1.98,1.98 37.9 2.13, 2.04 n.r. 2.06, 2.00
19 79.9 4.42 78.7 4.42 n.r. 4.43
20 77.6 3.93 76.6 3.53 77 3.5
21 101 99.5 99.8
22 37.6 2.07 38.5 2.26 35.9 2.3
22-Me 17.2 0.89 14.2 0.92 16.5 0.9
23 39 1.43,1.43 38.3 1.42,1.42 n.r. 1.41,1.41
24 43.1 1.33 41.5 1.38 n.r. 1.35
24-Me 18.9 0.83 17.8 0.83 18.1 0.82
25 80.4 3.97 79.5 3.94 79.8 3.88
26 149.1 147.4 148.1
26 = CHy 118.1 5.35, 5.17 115.2 5.25,5.11 115.7 5.28,5.13
27 50.1 2.42, 2.24 49 2.36, 2.17 49.2 2.37,2.14
28 99.5 97.7 n.r.
29 44.9 2.03, 1.36 44.5 1.99, 1.32 44.1 2.00, 1.32
30 27.2 2.22 26.4 2.27 n.r. 2.26
30-Me 24.1 0.93 23.6 0.95 23.9 0.94
31 36.1 1.82,1.51 35.6 1.80, 1.49 n.r. 1.78, 1.50
32 73.6 4.35 72.6 4.27 72.7 4.24
33 82.4 4.06 79.1 3.76 79 3.81
34 75.6 5.00 75.3 4.82 75.4 4.82
35 42.4 2.62, 2.49 42.8 2.40, 1.95 n.r. 2.13
36 97.5 96.3 96.6
37 36.5 1.97 37.3 1.74 37.3 n.r.
37-Me 16.2 0.97 15.9 0.9 15.9 1.06
38 38.4 1.68,1.29 25.6 1.59, 1.59 38.9 1.73,1.45
39 30.2 1.86 30.8 1.57,1.57 n.r. 1.84
39-Me 19.3 0.94 19.3 0.88
40 46.9 2.91, 2.83 40.1 2.95, 2.56 47.9 2.67, 2.62

2 13C chemical shifts at C-1 were deduced from HMBC.

Table 3

Calculated and measured accurate masses (m/z) for [M + H]" of AZA-40 and its
product ions obtained with HRMS in comparison to the parent ion and corre-
sponding fragments of AZA-1.

AZA-40 (3) AZA-1 (1)

Formula Measured Calculated A/ppm Formula m/z
C47H72NO1 2 842.50524 842.50490 0.41 C47H72NO1 2 842
C47H70NO1; 824.49479 824.49434 0.55 C47H70NO1; 824
C37Hs6NOg 658.39530 658.39496 0.52 C3gHsgNOg 672
C37H54NOg 640.38476 640.38439 0.57 C3Hs6NOg 654
CaH42NOs 448.30605 448.30575 0.67 Ca7H44NOs 462
CaHsoNO4 430.29546 430.29519 0.63 Co2H36NO3 362
Cp1H34NO3 348.25347 348.25332 0.43 C16H26NO3 280
C15H2oNO, 248.16460 248.16451 0.38 Ci16H24NO> 262
CoH;6NO 154.12273 154.12264 0.58 Cy0H;8NO 168
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3.3. AREc32 for oxidative stress response

The cellular oxidative stress response (OSR) and cytotoxicity in the
AREc32 cell line (Wang et al., 2006) was tested for AZA-1 and AZA-40.
Tert-butyl-hydroquinone (tBHQ) was used as a positive control and the
ECr15 was 3.3 £ 0.1 pM, which is consistent with literature (Schulte
et al., 2022). The extraction blank showed no cytotoxicity and no acti-
vation up to the highest tested enrichment, which would correspond to a
toxin concentration of 80 pM (data not shown).

The cell proliferation of AZA-1 and AZA-40 measured by cell con-
fluency was reduced by 10% at 1.07 + 0.01 x 10~° M for AZA-1 and
0.25 + 0.04 x 10~° M for AZA-40. Unlike typical chemicals, the cyto-
toxicity did not increase further at higher concentrations but plateaued
at approximately 20%. The IC;( for 10% reduction of cell proliferation
can be considered as a cytotoxicity measure. Typically, activity dyes
such as MTS are used to measure cellular metabolic activity, which
correlates with cell viability and proliferation. Using MTS for quantifi-
cation of cytotoxicity in the AREc32 assay (Escher et al., 2012) requires
the dosing of two independent plates for quantification of cytotoxicity
and activation of ARE. In comparison, the cell confluency yields very
similar IC; for cytotoxicity as MTS (Escher et al., 2019).

When comparing with the cytotoxicity in T-lymphocytes, where MTS
was used as indicator dye for cytotoxicity, the relative ECso for AZA-1
was 1.4 x 107° M (Twiner et al., 2012a) and 2.1 x 107° M (Twiner
et al., 2012b), respectively, after 24h exposure in two separate trials. In
comparison, the cytotoxicity was 2.7 x 10~° M after 48h exposure and
2.6 x 10~ M after 72h (Twiner et al., 2012b) and, therefore, remained
almost constant over time while the actual MTS activity, that is the span
between minimum and maximum effect, greatly increased over time.
The absolute MTS cell viability also levelled off at an approximately 20%
reduction. Using the original 24 h data from Twiner et al. (2012b), we
calculated an IC;o for AZA-1 in T-lymphocytes in the low-nanomolar
range (2.84 nM). This suggests that AREc32 cells and T-lymphocytes
are approximately equisensitive to AZA-1, with the AREc32 cell line
being slightly more sensitive based on the IC;( values obtained in this
study.

Any concentration that was above the IC;y was excluded from the
fitting of the concentration-induction ratio curve in Fig. 2, middle
panels. The data is highly variable and both compounds were diluted
over many orders of magnitude during effect testing with rather high
variability of the eight replicate concentration response curves
measured for each compound on two independent plates. Both com-
pounds are very potent none-the-less, ten thousand times more potent
on a molar basis than the potent positive control tBHQ. The toxin con-
centration that caused an induction ratio of 1.5 (ECp; 5) in the AREc32
assay was 47.6 + 2 x 107! M for AZA-1, which corresponds to
401 + 17 ng L™ for a molecular weight of 841 g mol ™}, in comparison to
6.0 + 0.4 x 101 M for AZA-40, which corresponds to 51 + 3 ng L™! for
a molecular weight of 841 g mol~".

Therefore, AZA-40 was approximately eight times more potent than
regulated AZA-1 in inducing the oxidative stress response in the AREc32
assay and four times more cytotoxic in vitro, as measured by cell con-
fluency. In addition, the effect was specific as the ECr; 5 is 2.2 (AZA-1)
and 4.1 (AZA-40) lower than the IC;(, indicating that the OSR is specific
but not highly specific. AZA-1 and AZA-40 differ in two structural fea-
tures, namely methyl group at C-8 and methyl group at C-39. AZA-2, in
comparison differs in the methyl group at C-8 from AZA-1. Interestingly,
both AZA-2 and 37-epi-AZA-1 showed higher cytotoxicity towards
Jurkat T-lymphocyte cells than AZA-1 (Kilcoyne et al., 2014a, 2014b;
Twiner et al., 2012a). The data suggests a higher toxicity for AZA-40 in
comparison to the regulated toxin AZA-1, therefore, the result should be
verified with toxic equivalent factors derived from the mouse bioassay.

4. Conclusion

This work confirmed the high level of structural similarity between
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Fig. 2. Concentration effect curves in AREc32 for (a) AZA-1, (b) AZA-40 and (c) the extraction blank. Left plots all data on cell viability (black) and induction ratio IR
(red). Right plot: linear range of concentration-cytotoxicity curve to derive cytotoxicity IC;o. Middle plot: linear range of concentration-induction curve fitted up to

ICyo. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

AZA-1 and AZA-40. AZA-40 can also be described as 8-methyl-39-des-
methyl AZA-1 or 39-desmethyl AZA-2. Further studies must investi-
gate the correlation of toxicity as derived from the in vitro cell assay with
those derived from the mouse bioassay. AZA-40 was approximately
eight times more potent than the regulated AZA-1 in inducing the
oxidative stress response and four times more cytotoxic in vitro. This
result, in conjunction with the global distribution of A. poporum (Krock
etal., 2014; Luo et al., 2018; Takahashi et al., 2021; Tebben et al., 2023),
suggests to closely monitor this compound in spot checks of plankton
material as well as shellfish to evaluate its potential risk for food safety.
The monitoring of novel AZAs by LC-MS typically requires reference
standards for each compound. Due to the high structural similarity of
AZA-40 with its isobaric compound AZA-1, however, ionization differ-
ences are negligible and AZA-40 quantities can be easily derived from
the available reference material for AZA-1.
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