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Abstract

Azaspiracids (AZs) are a new group of phycotoxins discovered in the Ireland coast that includes the isolated analogues: AZ-1, AZ-2,
AZ-3, AZ-4 and AZ-5 and the recently described AZ-6-11. Azaspiracid toxic episodes show gastrointestinal illness, but neurotoxic
symptoms are also observed in mouse bioassay. Despite their great importance in human health, so far its mechanism of action is largely
unknown. In this report, we present the first data about the effect of AZ-4 on cytosolic calcium concentration [Ca>*]; in freshly human
lymphocytes. Cytoslic Ca®* variations were determined by fluorescence digital imaging microscopy using Fura2 acetoxymethyl ester
(Fura2-AM). AZ-4 did not modify cytosolic Ca>* in resting cells. However, the toxin dose-dependent inhibited the increase in cytosolic
Ca®* levels induced by thapsigargin (Tg). AZ-4 decreased Ca**-influx induced by Tg but did not affect the Ca**-release from internal
stores induced by this drug. The effects of AZ-4 on Ca**-influx induced by Tg were reversible and not regulated by adenosine 3',5"-cyclic
monophosphate (cCAMP) pathway. When AZ-4 was added before, after or together with nickel, an unspecific blocker of Ca®* channels, the
effects were indistinguishable and additive. AZ-4 also inhibited maitotoxin (MTX)-stimulated Ca**-influx by 5-10%. Thus, AZ-4
appeared to be a novel inhibitor of plasma membrane Ca>* channels, affecting at least to store operated channels, showing an effect clearly

different from other azaspiracid analogues.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Azaspiracids (AZs), a new class of phycotoxins, have
been implicated in several human intoxications from 1995.
Recently, the dinoflagellate Protoperidinium has been
identified as the progenitor of these phycotoxins [1].
The first confirmed incident of AZs intoxication occurred
in The Netherlands following the consumption of mussels
(Mytilus edulis) from Killary Harbour, Ireland [2]. The

Abbreviations: AZ, Azaspiracid,; [Caz+]i, cytosolic calcium concentra-
tion; cAMP, adenosine 3',5'-cyclic monophosphate; dbcAMP, N®2'-O-
dibutyryladenosine 3',5'-cyclic monophosphate; DG, 1,2 diacylglycerol;
FSK, forskolin; MTX, maitotoxin; PSS, physiological saline solution; SOC,
channels store-operated Ca** channels; SQ22,536, 9-(tetrahydro-2-fura-
nyl)-9H-purin-6-amine; Tg, thapsigargin
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symptoms included nausea, vomiting, severe diarrhoea and
stomach cramps. Moreover, after mouse bioassay neuro-
toxic symptoms were also observed [3,4]. AZs differ
significantly from other marine phycotoxins, they have
unique structural features characterized by a tri-spiro
assembly, an azaspiro ring fused with a 2,9-dioxabicyclo
[3.3.1]nonane and a terminal carboxylic acid group [2,5,6].
The analogues AZ-1 (azaspiracid), AZ-2 (8-methylazas-
piracid) and AZ-3 (22-demethylazaspiracid) are the
predominant AZs in nature [3,7]. AZ-4 and AZ-5 deriva-
tives are hydroxy analogues of AZ-3 not abundant in
shellfish [8]. Recently, the existence of six more different
analogues have been reported in shellfish, AZ-6 is a
positional isomer of AZ-1 and AZ-7-11 are hydroxyl
analogues of AZ-1 [9].

Toxicological studies about the AZ-1 derivative showed
multiple organ damage in mice, with several effects in the
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small intestine and liver and necrosis of T and B lympho-
cytes in the spleen, thymus and Peyer’s patches [4]. How-
ever, the intracellular target of these toxins is still unclear.
In previous papers, we studied the effect of AZ-1, AZ-2
and AZ-3 derivatives on human lymphocytes [10,11], since
these cells showed modifications after AZs intoxications.
In these previous works, the intracellular signals calcium
concentration [Ca**];, cyclic adenosine monophosphate
(cAMP) levels and pH were studied and in the presence
of toxins, both cAMP and cytosolic Ca®* levels were
increased.

Changes in the [Ca®*]; are one of the main pathways by
which information is transferred from extracellular sig-
nals to intracellular responses [12]. When Ca** signalling
is stimulated in a cell, cytosolic Ca** levels are increased
either by release from intracellular stores or by entry
across plasma membrane channels [13]. In human lym-
phocytes, two different intracellular Ca** channels
involved in stores depletion have been described: inositol
trisphosphate receptors [ 14] and ryanodine receptors [ 15—
17]. In addition, nicotinic acid adenine dinucleotide
phosphate has recently been described as an essential
intracellular Ca®* mobilizing agent [18]. On the other
hand, Ca®* entry across plasma membrane can be
mediated through different Ca®* channels in lympho-
cytes. The most commonly observed mechanism is capa-
citative Ca?* entry through store-operated Ca®* channels
(SOC channels), in which the emptying of stores is
necessary and sufficient to activate Ca”* entry. Despite
the wealth of electrophysiological data on the properties
of these channels, neither the mechanism that links stores
depletion and Ca**-influx nor the molecular identity of the
channels is understood. In addition, in human lympho-
cytes numerous reports suggest the presence of other
types of Ca®* channels such as inositol 1,4,5-trispho-
sphate receptors in the plasma membrane and channels
related to classical L-type voltage Ca** channels. Inositol
receptors, originally described in sarcoplasmic reticulum,
are also expressed in the lymphocytes plasma membrane
[14,19]. At last, non-voltage-gated Ca** channels related
to classical L-type voltage Ca** channels in excitable cells
have also found expressed in lymphocytes where they
play a significant role in the Ca®*-influx pathways
[14,20,21]. There are several drugs commonly used to
modulate these Ca”* channels, some of them specific as
ruthenium red to ryanodine receptors or L-type Ca>*
channel antagonists and some unspecific as lanthanum,
nickel or SK&F96365 [22].

In this context, the aim of this work is to check and
characterize AZ-4 effect on cytosolic Ca** levels in human
lymphocytes. These cells were selected according to tox-
icological studies and also because they are stable cells that
provide direct information from healthy human donors.
Moreover, we compare the effect of AZ-4 with other AZ
analogues also studied in our laboratory in the same
cellular model.

2. Materials and methods
2.1. Chemicals and solutions

AZ-4 and MTX were obtained and isolated by M. Satake,
K. Ofuji and T. Yasumoto. Fura2 acetoxymethyl ester (Fura2-
AM) was from Molecular Probes. N°,2'-O-Dibutyryladeno-
sine 3',5'-cyclic monophosphate (dbcAMP) was from
Sigma. Percoll® was from Pharmacia. Thapsigargin (Tg),
forskolin (FSK) and [9-(tetrahydro-2-furanyl)-9H-purin-6-
amine] (SQ22,536) were from Alexis. All the other chemicals
were reagent grade and purchased from Sigma and Merck.

The composition of saline solution (PBS) used to lym-
phocyte purification was (mM): Na® 1452, K" 4.7,
HPO,>~ 8.2, H,PO,~ 1.5, CI” 141.2 and ethylenediami-
netetracetic acid (EDTA) 2. The composition of physio-
logical saline solution (PSS) used for microscopy
experiments was (mM): Na* 142.3, K* 594, Ca®* 1,
Mg** 1.2, CI~ 126.1, CO,~ 22.85, H,PO,” 1.2 and
SO, 1.2, and glucose 1 mg/mL, giving a final osmotic
pressure of 300 &+ 5 mOsm/kg H,O. Ca**-free PSS was
done by omitting Ca®* from the PSS. In all the experi-
ments, the incubation PSS was equilibrated with CO, and
the final pH was adjusted to 7.2.

Stock solutions of drugs and toxins were made in
dimethylsulfoxide (DMSO). DMSO effect is always
checked at the concentration used and no effect was
reported. Tg was used at the concentration 2 pM. Two
hundred and fifty micrometers was the stock solution of
AZ-4. Serial dilutions of AZ-4 were done when different
toxin concentrations were required.

2.2. Human lymphocytes isolation

Peripheral human lymphocytes were isolated from fresh
human blood from healthy donors. The blood was diluted
1:1 with PBS plus EDTA 2 mM. Four millilitre of diluted
blood was carefully placed over 3 mL of 57.5% isotonic
percoll. After centrifugation (25 min, 1000 x g), percoll
was eliminated by washing three times with PBS plus
EDTA 2 mM (5 min, 400 x g). Lymphocyte purity was
always higher than 85%.

2.3. Cell labelling and determination of [Ca*™]..
image processing

Purified lymphocytes were loaded with the Ca** sensi-
tive fluorescent dye Fura2-AM 2 pM for 10 min at 37 °C.
After incubation, loaded cells were washed three times and
allowed to attach to poly-L-lysine-coated 22 mM glass
coverslips for 10 min. The glass coverslips were inserted
into a thermostated chamber at 37 °C (Life Science
Resources) and cells were viewed with a Nikon Diaphot
200 microscope equipped with epifluorescence optics
(Nikon 40 x-inmersion UV-Fluor objective). The thermo-
stated chamber was used in the open bath configuration and
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additions were made by aspiration and addition of fresh
PSS.

[Ca®*]; was obtained from the images collected by
excitation fluorescence with a Life Science Resources
equipment. The light source was a 175-W xenon lamp
and light reaches the objective with optic fiber. The excita-
tion wavelengths for Fura2 were 340 and 380 nM, with
emission at 510 nM. The calibration of the fluorescence
versus intracellular calcium was made by the method of
Grynkiewicz et al. [23].

2.4. Statistical analysis

[Caz+]i of all cells observed in each experiment were
averaged. All the experiments were carried out at least
three times by duplicate. Results were analysed using the
Student’s #-test. A probability level of 0.05 or smaller was
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Fig. 1. Effect of different concentrations of AZ-4 on the [CazJ']c in human
lymphocytes. (A) Cells bathed in a Ca* containing PSS. The arrow
indicates the addition of different AZ-4 concentrations. (B) Cells are first
bathed in a Ca®*-free PSS and after 10 min, | mM Ca’" is added. The first
arrow indicates AZ-4 addition (different concentrations) and the second
arrow indicates 1 mM Ca?* addition. Mean + S.E.M. of approximately 700
cells observed in seven experiments. To have a cleaner graphic, only one out
of seven data were plotted.

used for statistical significance. Results were expressed as
the mean £+ S.E.M.

3. Results

The effect of AZ-4 on Ca** homeostasis is first exam-
ined in human lymphocytes bathed in a Ca** containing
PSS. Hundred, 200, 500 and 1000 nM AZ-4 were checked
and as Fig. 1A shows the toxin does not modify cytosolic
Ca®* levels at any concentration studied after 20 min
incubation. Next (Fig. 1B), we studied the effect of AZ-
4 on cells initially bathed in a Ca**-free PSS, and after
being for 10 min under those conditions, 1 mM Ca** was
added. Results show that AZ-4 does not significantly
modify cytosolic Ca®* levels in these conditions.

Fig. 2 shows the effect of AZ-4 when Ca**-influx is
activated by Tg. This drug passively releases Ca** from
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Fig. 2. Effect of AZ-4 on Tg-induced Ca**-influx in human Iymphocytes.
The cells are bathed in a Ca®* containing PSS. (A) Different concentrations
of AZ-4 and 2 uM Tg are added simultaneously. The arrow indicates drugs
addition. Asterisk (*) indicates significant differences with respect to Tg
control. (B) Two micrometers Tg (first arrow) is added and 10 min later
200 nM AZ-4 (second arrow). Asterisk (*) indicates significant differences
with respect to Tg control. Mean + S.E.M. of approximately 520 cells
observed in six experiments. To have a cleaner graphic, only one out of
seven data were plotted. Error bars of all points are shown.
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internal stores by inhibition of sarcoendoplasmatic reticu-
lum Ca** ATPases and consequently, it induces Ca**-influx
through SOC channels. As Fig. 2A shows, simultaneous
application of AZ-4 and Tg inhibits Tg-induced Ca** rise
in human lymphocytes bathed in a Ca®* containing PSS.
The effect increases with the toxin concentration, 20%
inhibition in the presence of 100 nM AZ-4, 50% inhibition
in the presence of 200 nM AZ-4 and 70% in the presence of
either 500 or 1000 nM AZ-4. From these results, 200 nM
AZ-4 was selected to study Ca** increase inhibition. The
increase in [Ca*"]; induced by Tg is initially due to the
empty of intracellular Ca®* pools and lately to the Ca**
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Fig. 3. Effect of AZ-4 on Tg-induced Ca**-influx in human lymphocytes.
Cells are first bathed in a Ca**-free PSS and after 10 min, 1 mM Ca’* is
added. (A) Two hundred nanometers AZ-4 and 2 uM Tg are added
simultaneously (first arrow). Asterisk (*) indicates significant differences
with respect to Tg control. (B) AZ-4 (first arrow) is added 5 min before Tg
addition (second arrow). Asterisk (*) indicates significant differences with
respect to Tg control. Mean £ S.E.M. of approximately 340 cells observed
in three experiments. To have a cleaner graphic, only one out of seven data
were plotted. Error bars of all points are shown.

entry from the extracellular media [24]. Therefore, we
studied the effect of AZ-4 when Ca**-influx induced by Tg
is already activated. In this case, the toxin is added 10 min
after Tg that is after Ca**-influx activation. Fig. 2B shows
that cells treated with Tg increase their cytosolic Ca**
levels to 800 nM, but when AZ-4 is added, Tg-stimulated
[Ca®*); increase is significantly reduced (25%).

In order to investigate if AZ-4 effect on Tg-stimulated
[Ca2+]i increase is related to stores release, AZ-4 and Tg
were added in a Ca®*-free solution; with this approach it is
possible to establish the difference between Ca**-release
and Ca®*-influx. As Fig. 3 shows, when Tg is applied to
cells in a Ca®*-free PSS, a Ca®* rise of approximately
300 nM, due to stores depletion, is observed. Subsequent
restoration of Ca** to the solution induces a rapid elevation
of [Ca®*]; due to influx through opened SOC channels.
When AZ-4 and Tg are added simultaneously, stores
depletion induced by Tg are not modified, although
Ca”*-influx is reduced by approximately 40% (Fig. 3A).
With the aim of testing if the AZ-4 absence effect over
stores depletion is due to a longer onset time for AZ-4 than
for Tg in a new experiment, AZ-4 is added 5 min before
Tg. As Fig. 3B shows after AZ-4 pre-incubation the empty
of Ca®* stores induced by Tg is not affected, even though
Ca**-influx is again reduced. In a similar experiment, the
reversibility of AZ-4 effect was investigated by washing
AZ-4 from the extracellular PSS 10 min later its addition.
As Fig. 4 shows, when the toxin is washed from the
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Fig. 4. Effect of AZ-4 removal from the extracellular PSS after AZ-4
inhibition on Tg-induced Ca**-influx in human lymphocytes. The cells are
first bathed in a Ca**-free PSS and later 1 mM Ca®* is added. Cells are
simultaneously treated with 2 uM Tg and 200 nM AZ-4 (first arrow). AZ-4
is present all the time (open square) or it is washed from the extracellular
PSS 10 min after its addition (open circles). Mean &+ S.E.M. of approxi-
mately 340 cells observed in three experiments. Asterisk (*) indicates
significant differences with respect to Tg control. Hash (#) indicates
significant differences with respect to Tg plus AZ-4 and wash. To have
a cleaner graphic, only one out of seven data were plotted. Error bars of all
points are shown.
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extracellular solution the inhibitory effect of AZ-4 dis-
appears. Thus, AZ-4 (200 nM) reversibly inhibits the
increase of [Ca®*]; induced by Tg, regardless of the order
of addition (simultaneously, after or before Tg), without
interference with the ability of Tg to release Ca®* from
internal stores.

Nickel (Ni**) has been commonly used as an unspecific
inhibitor of plasma membrane Ca®* channels [25]. Several
experiments were performed in order to compare the
effects of this drug and AZ-4. Fig. SA shows that after
the simultaneous addition of AZ-4 and Tg, subsequent
addition of 1 mM Ni** inhibits the Ca** rise induced by Tg.
The percentage of inhibition, calculated over the value of
[Ca®*]; observed at 600 s, after 1 mM Ni** addition was
40% in the absence and 75% in the presence of AZ-4. Final

——Tg
——Tg + AZ-4

cytosolic Ca** levels after Ni** addition were from 800 to
520 nM and 200 nM for Tg and Tg + AZ-4, respectively.
Thus, Ni** reduces [Ca>*]; even when AZ-4 has inhibited
the entry of Ca®* induced by Tg. Then the effect of AZ-4
after Ni** inhibition was checked. As Fig. 5B shows, the
addition of Ni** inhibits Tg-induced Ca®* increase. When
in these conditions AZ-4 is added a new decrease in Ca”*
levels is observed. Final cytosolic Ca®* values after AZ-4
addition fall from 800 to 600 nM and 300 nM in the
presence of Tg and Tg + Ni**, respectively. Since AZ-4
and Ni** have effect when they are added sequentially,
these drugs were finally added alone and combined after
Tg. As Fig. 5C shows, the Tg-induced Ca* increase
was inhibited 25% by AZ-4, 35% by Ni** and 45% by
AZ-4 plus Ni**, since cytosolic calcium levels decrease
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Fig. 5. Interactions between Ni** and AZ-4 as inhibitors of Tg-induced Ca®*-influx in human Iymphocytes. (A) Two micrometer Tg (closed squares) or 2 .M
Tg plus 200 nM AZ-4 (open squares) are added simultaneously (first arrows) and 10 min later, | mM Ni?* is added (second arrow). Asterisk (*) indicates
significant differences with respect to Tg control. (B) Two micrometers Tg (closed squares) or 2 uM Tg plus 1 mM Ni** (open squares) are added
simultaneously (first arrows) and 10 min later, 200 nM AZ-4 is added (second arrow). Asterisk (*) indicates significant differences with respect to Tg control.
(C) Cells are treated with 2 uM Tg (first arrow) and 10 min later 200 nM AZ-4 (closed squares), ] mM N i (open squares) or 200 nM AZ-4 plus 1 mM NiZ*
(open circles) are added. Asterisk (*) indicates significant differences with respect to Tg control. Mean £ S.E.M. of approximately 560 cells observed in five
experiments. To have a cleaner graphic, only one out of seven data were plotted. Error bars of all points are shown.
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approximately from 800 nM in the presence of Tg to 620,
550 and 450 nM when AZ-4 and/or Ni** are added.
Next, we check the effect of AZ-4 over Ca**-influx
induced by other drugs. Maitotoxin (MTX) is a potent
water-soluble phycotoxin that activates Ca®*-influx
through non-selective cation channels in different cellular
models [26-31]. However, there is no report about the
effect of MTX on intracellular Ca** stores; so, we study the
effect of MTX on human lymphocytes initially bathed in a
Ca”*-free PSS. As Fig. 6A shows, MTX does not increase
cytosolic Ca?* levels in a Ca**-free solution; hence, no
detectable Ca**-release from internal stores takes place.
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Fig. 6. Effect of AZ-4 over MTX-induced Ca**-influx in human lympho-
cytes. (A) Effect of 5 nM MTX on the cytosolic Ca®* levels. Cells are first
bathed in a Ca>*-free PSS and after 10 min, 1 mM Ca’" is added. The first
arrow indicates MTX addition and the second arrow indicates 1 mM Ca**
addition. Asterisk (*) indicates significant differences with respect to
control cells. (B) Effect of 200 nM AZ-4 over 5 1M MTX-induced Ca**
rise in cells bathed in a Ca>* containing PSS. Asterisk (¥) indicates
significant differences with respect to control cells. Hash (#) indicates
significant differences with respect to MTX. Mean + S.E.M. of approxi-
mately 362 cells observed in three experiments. To have a cleaner graphic,
only one out of seven data were plotted. Error bars of all points are shown.

However, when 1 mM Ca®t is restored, an important
increase of Ca>* levels is observed, showing the cells final
Ca** levels of 600 nM. When cells are bathed in a Ca**
containing PSS (Fig. 6B), MTX induces a potent increase
of [Ca®*]; up to 800 nM. In these conditions, AZ-4 partially
inhibits MTX-induced Ca** rise with values of 10-15% of
inhibition.

Despite the dissimilar effects of AZ analogues over Ca**
(Table 1) in previous experiments we had observed a
common point: the modulation of cAMP pathway nega-
tively regulates the effect of AZs over Ca** [10]. Therefore,
finally the effect of cAMP pathway over AZ-4 Ca**-influx
inhibition was checked. As Fig. 7 shows, neither the
activation of adenylyl cyclase with FSK [32] nor its
inhibition with SQ 22,536 [32] nor the direct increase of
cAMP levels with the cAMP analogue dbc AMP, modulates
the inhibitory effect of AZ-4.

4. Discussion

The present paper shows the effect of AZ-4 derivative
over cytosolic Ca®* levels in human lymphocytes. Surpris-
ingly, AZ-4 has opposite effects to AZ-1, AZ-2 and AZ-3
analogues [10,11]. Since between these four analogues
there are some structural differences, the results point to
some important structure—activity relationship.

These results show that AZ-4 reduces the increase in
[Ca®*]; induced by Tg in human lymphocytes. Two
mechanisms could explain the inhibitory effect of AZ-4,
the increase of Ca”* extrusion across the plasma mem-
brane, or the inhibition of plasma membrane Ca** channels
activated by Tg, the SOC channels [33,34]. The first
mechanism does not seem to fix with our data since in a
Ca**-free solution after Tg addition cytosolic Ca** levels
are the same independently of toxin presence. Moreover, if
AZ-4 acts by increasing Ca”* extrusion, the inhibitory
action of AZ-4 will be the same independently of the
stimuli present, and AZ-4 should inhibit MTX-induced
Ca”* increase with the same intensity as Tg-induced Ca**
increase. Therefore, this possibility could be ruled out. The
second option means that AZ-4 inhibits SOC channels, an
effect that could takes place in several direct or indirect
ways: inhibition of Ca®* release from internal stores, direct
blocking of SOC channels, uncoupling stores and SOC
channels [34], inhibition of mitochondrial Ca** uptake
[35-38] or altering membrane potential [14,39]. However,
we have demonstrated that AZ-4 does not exert any
detectable effect on the Ca**-release from internal stores
elicited by Tg; thus, we can reduce the possibilities to
inhibit or blocking of SOC channels.

One millimeter Ni** is a known inhibitor of Ca®*
channels in several cellular models including SOC chan-
nels [22,40,41]. Ni** results show that the effects of AZ-4
and Ni* are indistinguishable and additives. Furthermore,
both drugs act one after other reducing [Ca*]; to approxi-
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Fig.7. Effect of previous up- and down-regulation of cAMP pathway on AZ-4 inhibition over Tg-induced Ca>*-influx in human lymphocytes. Cells are bathed
in a Ca®* containing PSS. (A) The cells are pre-incubated with or without 30 M FSK, and then 2 M Tg plus 200 nM AZ-4 are added simultaneously. Asterisk
(*) indicates significant differences with respect to Tg control. Hash (#) indicates significant differences with respect to FSK + Tg + AZ4. (B) The cells are pre-
incubated with or without 250 uM dbcAMP, and then 2 uM Tg plus 200 nM AZ-4 are added simultaneously. Asterisk (*) indicates significant differences with
respect to Tg control. Hash (#) indicates significant differences with respect to dbcAMP + Tg + AZ4. (C) The cells are pre-incubated with or without 10 uM
S5Q22,536 and then 2 pM Tg plus 200 nM AZ-4 are added simultaneously. Asterisk (*) indicates significant differences with respect to Tg control. Hash (#)
indicates significant differences with respect to SQ22,536 + Tg + AZ4. Mean £ S.E.M. of approximately 315 cells observed in three experiments. To have a
cleaner graphic, only one out of seven data were plotted. Error bars of all points are shown.

Table 1

Effects of different azaspiracids analogues added to human lymphocytes bathed by different solutions

Toxin [Ca®*); significant variations of cytosolic Ca>* levels (nM) over control induced by AZs in human lymphocytes
In a Ca**-free PSS When 1 mM Ca®" is restored to a Ca>*-free PSS In Ca”* containing

PSS +2 uM Tg
Effect (200 nM) Maximal effective Effect (200 nM) Maximal effective Effect (200 nM)
concentration (nM) concentration (nM)

AZ-1 20.7 £ 10.5 1000 227+ 10.2 1000 N

AZ-2 13.5+£26 200 66.2 £ 16 200 0

AZ-3 No effect 32+38 1000 0

AZ-4 No effect No effect —368 +76.4

AZ-5 No effect No effect 0

Each value is the result of subtracts cytosolic Ca®* levels of azaspiracids-treated cells (200 nM) and cytosolic Ca>* levels of control-cells. In each case
concentrations between 50 and 1000 nM were checked. Each experiment represents the mean &+ S.E.M. of approximately 320 cells observed in three different

experiments.
% This condition was not checked.
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R4 R2
Azaspiracid (AZA1,1) H H
8-methylazaspiracid (AZA2, 2) H Me
22-demethylazaspiracid (AZA3, 3) H H
3-hydroxy-22-demethylazaspiracid (AZA4, 4) OH H
23-hydroxy-22-demethylazaspiracid (AZAS, 5) H H

Ry Rs  8Me 14-Me 22-Me 24-Me 26=CH 2 30-Me 37-Me 39-Me
Me H 41 42 43 44 45 46 47
Me H 41 42 43 44 45 46 47 48

H H 41 43 44 45 46 47

H H 41 43 44 45 46 47

H OH 41 43 44 45 46 47

Fig. 8. Chemical structure of azaspiracids [5,6].

mately the same final values, regardless of the order of
addition the inhibition reaches close to 75%. However, this
high inhibition is not reached if Ni** and AZ-4 are added
after the activation of Ca**-influx by Tg. The effect is
bigger when the inhibitors are added at the same time, but
never 75%. From these results, we can conclude that AZ-4
and Ni** are blocking the same channels. As with lantha-
num and 2-aminoethoxydiphenyl borate, no further effect
in Ca**-influx is observed when they are added together
[42]. But also, since the effects are additive both drugs
might be acting in two different channels. In addition, the
lower effect observed when inhibitors are added after Tg
can be a consequence of a sterical impediment. But also,
AZ-4 and Ni** effects are higher when they are added
before SOC channels are opened. Therefore, when Ca”*-
influx is activated the inhibition is lower, probably in these
conditions the competition Ca** AZ-4-Ni?** is higher as
well as the sterical impediment. In any case, from these
results we can conclude that AZ-4 inhibits SOC Ca”*-
influx and probably other Ca** channels, that is, AZ-4
shows a similar effect as Ni**.

On the other hand, the effect of AZ-4 on Ca’*-influx
through SOC activated channels is reversible. The most
likely explanation for these results is that AZ-4 inhibits
SOC channels by direct interaction with the channel pore,
with another region of channel protein or with a closely
associated regulatory protein. However, uncoupling stores
and SOC channels [34], the inhibition of mitochondrial
Ca”* uptake [35-38] or some alteration in membrane poten-
tial [14,39] is hypothesis that cannot be excluded at the
moment.

MTX is an interesting activator of Ca**-influx. In a
recent study, the Ca**-influx induced by MTX in human
lymphocytes has been characterized. This study indicates
that SK&F96365, a voltage-independent Ca”* channel
antagonist, blocks the MTX-induced Ca* rise, and that
nifedipine, a L-type Ca®* channel blocker, has no effect
[43]. Thus, it seems that non-voltage-gated channels
related to classical L-type channels are not implied in
MTX-elicited Ca®* entry in lymphocytes [14]. We have
shown that MTX does not modify Ca?* from intracellular
stores, which suggests that SOC channels are not involved
in Ca**-influx induced by this toxin. This is in accordance
with results obtained in liver cells where 2-aminoethyl
diphenylborate, a known inhibitor of Ca®*-release acti-
vated Ca>* current, does not exert observable effect on
MTX-initiated Ca**-influx [44,45]. Consequently, the par-
tial inhibition that AZ-4 exerts over MTX-induced Ca?*-
influx seems to indicate that AZ-4 also acts through
another type of Ca®* channels, probably some no selective
cation channel usually activated by MTX. AZ-4 is a
potentially useful inhibitor of Ca** channels, SOC and
non-SOC channels. However, further experiments on the
molecular underpinnings may give clues to known the
mechanism of Ca®" channels inhibition by AZ-4.

In order to compare the effect of AZ-4 with the other
azaspiracid analogues we summarize in Fig. 8 the structure
of AZ analogues and its effects over [Ca®*]; in human
lymphocytes. Table 1 shows the effects of AZ-1, AZ-2,
AZ-3, AZ-4 and AZ-5, in the most relevant conditions
studied and the maximal effective toxin concentration in
each case. AZ-1 and AZ-2 increase [Ca2+]i by activation of
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Ca**-release from internal stores (shown in the table as
Ca’* levels in a Ca®*-free PSS), and Ca**-influx (shown in
table as Ca>* levels when Ca®* is restored) [10,11]. AZ-3
induces only Ca**-influx (shown in the table as Ca>* levels
when Ca®" is restored) [11]. AZ-4 does not induce Ca>*-
influx and inhibits Tg-induced Ca*" rise. And finally, AZ-5
does not modify intracellular Ca®* homeostasis. All these
results clearly distinguish AZ-4 from other AZ analogues.
AZ-3, with the simplest structure, induces Ca’* entry. AZ-
1 and AZ-2, with methyl groups in C22 or C8, respectively,
elicit Ca**-release from internal stores, besides Ca**-
influx. Moreover, AZ-4 that only differs from AZ-3 in a
hydroxyl group located in C3, presents a new an interesting
feature, which is the inhibition of capacitative Ca** entry
induced by Tg. Also interesting is the lack of effect of AZ-
5, characterized by a hydroxyl group in C23. Finally, and
opposite to another AZ analogues, the inhibitory effect of
AZ-4 over Tg-induced Ca**-influx is not dependent of
cAMP pathway. Therefore, the size and the complexity of
radicals are important to azaspiracids effect, since a dif-
ference between a methyl or a hydroxyl group means
activation or inhibition of Ca**-influx. These results are
in agreement with previously reported in vivo toxicity
experiments [8] showing that AZ-4 and AZ-5 are much
less toxic than AZ-1-3. AZ-4 and AZ-5 are the only toxins
of this group that do not increase calcium-influx. We
believe this is an indication that calcium-influx is func-
tionally linked to the toxic effects of this group of com-
pounds. In summary, the results obtained so far point to the
interesting observation that the chemical series of AZs
might have different targets, which provides a very com-
plex profile and implications to its toxicology and phar-
macology.
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