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Abstract: The marine polyether palytoxin (PLTX) is one of the most toxic natural compounds, and is
involved in human poisonings after oral, inhalation, skin and/or ocular exposure. Epidemiological and
molecular evidence suggest different inter-individual sensitivities to its toxic effects, possibly related
to genetic-dependent differences in the expression of Na+/K+-ATPase, its molecular target.
To identify Na+/K+-ATPase subunits, isoforms correlated with in vitro PLTX cytotoxic potency,
sensitivity parameters (EC50: PLTX concentration reducing cell viability by 50%; Emax: maximum
effect induced by the highest toxin concentration; 10−7 M) were assessed in 60 healthy donors’
monocytes by the MTT (methylthiazolyl tetrazolium) assay. Sensitivity parameters, not correlated with
donors’ demographic variables (gender, age and blood group), demonstrated a high inter-individual
variability (median EC50 = 2.7 × 10−10 M, interquartile range: 0.4–13.2 × 10−10 M; median Emax =

92.0%, interquartile range: 87.5–94.4%). Spearman’s analysis showed significant positive correlations
between the β2-encoding ATP1B2 gene expression and Emax values (rho = 0.30; p = 0.025) and
between Emax and the ATP1B2/ATP1B3 expression ratio (rho = 0.38; p = 0.004), as well as a significant
negative correlation between Emax and the ATP1B1/ATP1B2 expression ratio (rho = −0.30; p = 0.026).
This toxicogenetic study represents the first approach to define genetic risk factors that may influence
the onset of adverse effects in human PLTX poisonings, suggesting that individuals with high gene
expression pattern of the Na+/K+-ATPase β2 subunit (alone or as β2/β1 and/or β2/β3 ratio) could be
highly sensitive to PLTX toxic effects.
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1. Introduction

Palytoxin (PLTX) is one of the most potent marine toxins, originally identified in Palythoa zoanthids
corals [1]. Subsequently, PLTX and/or its analogs, among which are ovatoxin-a (OVTX-a), have been
detected in Ostreopsis dinoflagellates [2–10] and in marine cyanobacteria [11]. In the last three
decades, blooms of Ostreopsis cf. ovata have been frequently reported in temperate areas, such as the
Mediterranean Sea and the Atlantic coasts of Portugal, and were often associated with adverse effects
in the respiratory tract, eyes, and skin [12–16]. In addition, increasing reports of adverse effects after
inhalational and/or cutaneous exposure to water and/or vapors from aquaria containing Palythoa and
Zoanthus corals—widely used as decorative elements—are documented worldwide [17,18]. On the
other hand, the main problem in tropical areas is represented by PLTX accumulation in edible marine
organisms, the consumption of which has been associated with a series of severe human poisonings,
sometimes with fatal outcomes. The major symptoms of these foodborne poisonings are gastrointestinal
distress, myalgia, and muscular cramps, impaired cardiac functions, dyspnoea and respiratory failure
sometimes leading to death [14,19,20].
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Some evidence in the documented cases of human poisonings ascribed to PLTXs, especially the
foodborne ones, suggest a high inter-individual variability to PLTX’s toxic effects. Indeed, in 1987 a man
and a woman were poisoned after consumption of the same parrotfish (Scarus ovifrons) contaminated
by PLTX but the man recovered within one week, while the woman died after 4 days due to respiratory
failure, associated with muscular damage [21]. Similarly, in 1994 a woman died the day after eating a
PLTX-contaminated tropical sardine (Herklotsichthys quadrimaculatus), while her son did not develop any
symptoms [22]. In 2002, only 11 people out of 33 that ate the same meal (PLTX-contaminated serranid
fish, Epinephelus bruneus) developed symptoms of poisoning and 7 of them required hospitalization [23].
Differences in inter-individual sensitivities can be noticed also considering the documented cases of
poisonings associated with inhalational exposure to vapors generated during the cleaning procedures
of aquaria containing soft corals contaminated by PLTXs. In particular, in a poisoning episode occurred
in The Netherlands, 4 patients were exposed at the same time to vapours coming from the same
home aquarium containing PLTX-contaminated soft corals but only two of them developed several
symptoms (i.e., dyspnoea and fatigue) persisting for few months [24].

Even though these different inter-individual toxic responses may be due to several factors, such as
concomitant pathologies or different exposure levels, a genetic-based variable individual sensitivity
to PLTX could be hypothesized. This hypothesis is supported by the existence of genetic variants of
the molecular target of PLTX, the Na+/K+-ATPase, converted by the toxin in an unspecific cationic
channel [25,26]. The Na+/K+-ATPase is a proteic heterocomplex composed by one α and one β subunit
together with an additionalγ regulatory protein. Each of theα and theβ subunits present more than one
isoform, encoded by different genes, with different tissues expression pattern, as reported by the Model
Organism Protein Expression Database (MOPED) [27]. Moreover, evidence demonstrates different
expression patterns of Na+/K+-ATPase subunit isoforms between males and females [28–30] and it is
well known that some isoforms of the α and β subunits own different affinities and sensitivities towards
cardioactive glycosides [31–35]. Intriguingly, cardioactive glycosides, such as ouabain, are reported to
inhibit PLTX in vitro effects [36–40], being able to modulate PLTX action on the Na+/K+-ATPase in a
complex manner: Ouabain acts as a negative allosteric modulator against high PLTX concentrations
and as a non-competitive antagonist against low PLTX concentrations [41].

On the basis of these observations, this study was carried out following a toxicogenetic approach
to identify the α and β Na+/K+-ATPase subunits isoforms correlated with the in vitro cell sensitivity to
PLTX. The results would provide a contribution to identify genetic risk factors for the toxic outcomes.

2. Results

2.1. Healthy Volunteers

Sixty healthy adult volunteers, with no ongoing drug treatments or pathologies, were enrolled.
For each volunteer, data related to gender, age and blood group were recorded. Of the 60 volunteers,
31.7% were female and 68.3% male (19 and 41, respectively), the median age was 42.0 years (interquartile
range: 30.5–51.8) and the major blood groups were 5% 0−, 36% 0+, 8% A−, 20% A+, 7% B−, 5% B+,
2% AB−, and 17% AB.

2.2. PLTX In Vitro Sensitivity

For each volunteer, monocyte sensitivity to PLTX was assessed by cytotoxicity (methylthiazolyl
tetrazolium, MTT, assay) and expressed as EC50 and Emax values. Figure 1 shows the distribution
of these sensitivity parameters within the 60 healthy volunteers enrolled in the study. The median
EC50 value was equal to 2.7 × 10−10 M (interquartile range: 0.4–13.2 × 10−10 M), while the median
Emax value was 92.0% (interquartile range 87.5–94.4%). In general, the distribution analysis of the
sensitivity parameters (EC50 and Emax) highlighted a wide variability of the individual in vitro
monocyte sensitivity to PLTX within the 60 healthy volunteers.
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0.0480 (interquartile range: 0.0360–0.0654) and 0.0013 (interquartile range: 0.0009–0.0016), 
respectively. For the β isoforms, the median gene expressions of β1 (ATP1B1), β2 (ATP1B2), and β3 
(ATP1B3) were equal to 0.0048 (interquartile range: 0.0038–0.0071), 1.87 × 10−5 (interquartile range: 
0.98−3.67 × 10−5) and 0.0284 (interquartile range 0.0178–0.0421), respectively. Additionally, in this case, 
results show a large inter-individual variability in the gene expression for these isoforms among the 
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Figure 1. Distribution of EC50 and Emax values measured by the MTT assay in monocytes from the
60 healthy volunteers exposed to PLTX for 4 h. For the monocytes of each volunteer, EC50 and Emax
values were the means of three experiments performed in triplicate.

2.3. Genetic Analysis: Expression of the Na+/K+-ATPaseαand β Subunits Isoforms

The distribution of the relative expressions of the genes encoding for the α (ATP1A1 and ATP1A3)
and β (ATP1B1, ATP1B2 and ATP1B3) subunits isoforms of the Na+/K+-ATPase in monocytes from
the 60 healthy volunteers is shown in Figure 2. In particular, for the α subunit, the median gene
expressions of theα1 isoform (ATP1A1) and theα3 isoform (ATP1A3) were equal to 0.0480 (interquartile
range: 0.0360–0.0654) and 0.0013 (interquartile range: 0.0009–0.0016), respectively. For the β isoforms,
the median gene expressions of β1 (ATP1B1), β2 (ATP1B2), and β3 (ATP1B3) were equal to 0.0048
(interquartile range: 0.0038–0.0071), 1.87 × 10−5 (interquartile range: 0.98−3.67 × 10−5) and 0.0284
(interquartile range 0.0178–0.0421), respectively. Additionally, in this case, results show a large
inter-individual variability in the gene expression for these isoforms among the monocytes from the 60
healthy volunteers.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 16 
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Figure 2. Distribution of relative gene expressions for the Na+/K+-ATPase α subunit isoforms (ATP1A1,
ATP1A3) and β subunit isoforms (ATP1B1, ATP1B2 and ATP1B3) calculated as 2−∆Ct with respect
to the housekeeping ACTB gene within monocytes from the 60 healthy volunteers enrolled in the
study. For each volunteer, relative expression data were the means of three experiments performed
in duplicate.
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Relative expression data of the Na+/K+-ATPase isoforms of male volunteers (68.3%) were compared
to those of female volunteers (31.7%; Supplementary Figure S1). For the α isoforms, the median
relative gene expressions of α1 (ATP1A1) in males and females were equal to 0.0481 (interquartile
range: 0.0383–0.0649) and 0.0412 (interquartile range: 0.0336–0.0688), respectively, whereas the median
relative gene expressions of α3 (ATP1A3) in males and females were equal to 0.0013 (interquartile
range: 0.0009–0.0018) and 0.0013 (interquartile range: 0.0009–0.00145), respectively. Considering the β

isoforms, the median relative gene expressions of β1 isoform (ATP1B1) in males and females were
equal to 0.0049 (interquartile range: 0.0037–0.0072) and 0.0045 (interquartile range: 0.0040–0.0071),
respectively; for the β2 isoform (ATP1B2) the median relative gene expression was 1.61 × 10−5

for males (interquartile range: 0.60–3.26 × 10−5) and 2.22 × 10−5 for females (interquartile range:
1.14–3.96 × 10−5), whereas, the median relative gene expression for the β3 isoform (ATP1B3) was
0.0299 for males (interquartile range: 0.0188–0.0437) and 0.0212 for females (interquartile range:
0.0148–0.0408). For all the isoforms considered, the non-parametric analysis for non-normalized
unpaired data (Mann–Whitney test) showed no significant difference (p > 0.05) between males and
females, suggesting the absence of differences in the gene expression of Na+/K+-ATPase isoforms
between genders. In addition, the non-parametric Spearman’s correlation analysis between the relative
gene expressions of the Na+/K+-ATPase isoforms and age of the enrolled healthy volunteers showed
a significant negative correlation only for the relative expression of the ATP1B3 gene (rho = −0.30;
p = 0.021), suggesting that as the age increases, ATP1B3 expression decreases. On the contrary,
no significant correlations were determined by the non-parametric correlation analysis between age
and the relative gene expressions of the other isoforms.

Finally, it was assessed whether the blood group could be related to a different pattern of
gene expression of the Na+/K+-ATPase subunits isoforms (Supplementary Figure S2). The analysis
for unpaired data (Kruskal–Wallis test) followed by the Dunn’s post-test did not demonstrate any
significant difference (p > 0.05), suggesting no relation between blood group and the expression of the
Na+/K+-ATPase subunits isoforms.

2.4. Correlation between In Vitro Cells Sensitivity to PLTX and Demographic Variables

To analyze whether the demographic data of each healthy volunteer (gender, age, and blood
group) are related to differences in their monocytes sensitivity to PLTX, in vitro cytotoxicity data
(EC50 and Emax) were compared to the selected population parameters. Considering the gender,
sensitivity values were grouped between males and females and the relevant distributions of EC50 and
Emax values are shown in Figure 3A,B. The median EC50 values for males and females were equal to
4.0 × 10−10 M (interquartile range: 0.5–20.9 × 10−10 M) and 2.4 × 10−10 M (interquartile range: 0.1–20.3
× 10−10 M), respectively. The median Emax values for males and females were 91.5% (interquartile
range: 87.8%–93.7%) and 92.9% (interquartile range: 88.2%–94.6%), respectively. The non-parametric
analysis for unpaired data (Mann–Whitney test) did not show any significant difference between the
distributions of in vitro sensitivity parameters in males versus females (p > 0.05), suggesting that the
gender does not influence the cells sensitivity towards PLTX toxicity.

Cell sensitivity data from the 60 healthy volunteers were grouped also on the basis of the blood
group, as reported in Figure 3C,D. Similar to the comparison between genders, the non-parametric
analysis for unpaired data (Kruskal–Wallis test) followed by the Dunn’s post-test did not show any
significant difference between blood groups (p > 0.05), considering both EC50 and Emax values,
suggesting that the blood group does not affect the cells sensitivity towards PLTX toxicity.

Considering the age, a set of correlation analyses between cells sensitivity (EC50 and Emax)
and the age of each volunteer (n = 60) was carried out. However, the non-parametric Spearman’s
correlation analysis did not show any significant correlation (p > 0.05) between age and EC50 or Emax,
suggesting that also the age does not influence the cells sensitivity to PLTX.

Overall, these results suggest that demographic variables of the healthy volunteers (gender, age,
and blood group) do not affect the cell’s sensitivity to the toxin.
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Figure 3. Distribution of EC50 (A,C) and Emax (B,D) values measured by the MTT assay in monocytes
from the 60 healthy volunteers exposed to PLTX from 4 h, within genders (male = 41; female = 19) (A,B)
or blood groups (0− = 3; 0+ = 22; A− = 5; A+ = 12; AB− = 1; AB+ = 10; B− = 4; B+ = 3) (panels C,D).
For each volunteer, EC50 and Emax values were the means of three experiments performed in triplicate.

2.5. Correlation between In Vitro Cells Sensitivity to PLTX and Gene Expression of Na+/K+-ATPase
Subunits Isoforms

To verify whether the expression of each Na+/K+-ATPase subunit isoform is correlated with cell
sensitivity to PLTX, EC50, and Emax values from each healthy volunteer were analyzed with respect to
each isoform gene expression. The non-parametric Spearman’s correlation analysis did not show any
significant correlation between any of the considered isoforms and the EC50 values. On the contrary,
considering Emax as a parameter of sensitivity to PLTX, a significant positive correlation only between
ATP1B2 gene expression and Emax values (rho = 0.30; p = 0.025) was recorded, but not for the other
isoforms (Figure 4).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 16 
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Figure 4. Dispersion graphs of the relative gene expressions of the Na+/K+-ATPase subunits isoforms
recorded in monocytes from the 60 healthy volunteers in function of the EC50 (A) or the Emax (B)
values, and the relevant regression lines. Each point represents the mean EC50 or Emax values recorded
for each volunteer.
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Finally, the non-parametric Spearman’s correlation analysis was carried out to analyze whether
the gene expression ratios of each Na+/K+-ATPase subunit isoforms may be related to variable cells
sensitivity towards the toxin (Figure 5). The analysis showed a significant negative correlation between
EC50 values and the ATP1A1/ATP1A3 expression ratio (rho = −0.33; p = 0.011), a significant positive
correlation between EC50 values and the ATP1A3/ATP1B3 expression ratio (rho = 0.27; p = 0.040)
as well as a trend of positive correlation between EC50 values and the ATP1A3/ATP1B1 expression
ratio (rho = 0.23; p = 0.082), even though it is not significant. Considering Emax, the non-parametric
Spearman’s correlation analysis determined a significant positive correlation between Emax values and
the ATP1B2/ATP1B3 expression ratio (rho = 0.38; p = 0.004), a significant negative correlation between
Emax values and the ATP1B1/ATP1B2 expression ratio (rho = −0.30; p = 0.026) as well as a trend of
negative correlation between Emax values and the ATP1A3/ATP1B2 ratio (rho = −0.24; p = 0.060),
even though it is not significant. These results strengthen the significant role of β2 subunit isoform
(ATP1B2) and suggest a secondary role of the α3 subunit isoform (ATP1A3) in modulating the in vitro
cell sensitivity towards PLTX.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 16 
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Each point represents the mean EC50 or Emax values recorded for each healthy volunteer.

3. Discussion

In the omics era, toxicogenetics and toxicogenomics have become a well-established tool to
implement conventional toxicological data for the prediction of the actual toxicological impact of a
substance on human health [42,43]. However, if toxicogenetics and toxicogenomics are well applied in
the risk assessment of pharmaceutical drugs, chemicals and pollutants, they are still underexplored
tools in the toxicological evaluation of bioactive marine natural compounds, especially of algal toxins
that can accumulate in seafood and induce severe foodborne poisonings in humans. The majority of
these toxins displays an extraordinary selectivity towards molecular targets, such as ions channels
and ions transporters and receptors, the majority of which are encoded by genes characterized by
multiple variants or frequent polymorphisms and mutations. This high variability leads to hypothesize
possible genetic-based differences in the individual sensitivity towards these compounds. This aspect
should be considered in the risk assessment of these toxins and could help to identify sub-populations
at risk of developing severe adverse outcomes. In this view, the present study was carried out as
a proof-of-concept applying for the first time an already consolidated experimental design in the
toxicogenetics field to PLTX, as one of the most harmful marine compounds known to date.

The documented adverse effects of PLTX in humans are mainly related to oral, inhalation,
cutaneous and even ocular exposure. The most severe symptoms, including fatal outcomes,
occurred after oral exposure by consumption of contaminated seafood [14,19,20]. Epidemiological data
suggest a variable inter-individual sensitivity to the toxic effects of PLTX. Although several factors (i.e.,
exposure levels, characteristics, and amount of ingested food and/or any concomitant pathology) may
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influence the toxicity of PLTX, the inter-individual variability in the toxic response could be ascribed
also to the involvement of different genetic variants of the Na+/K+-ATPase, the molecular target of
the toxin. These variants lead to the existence of different isoforms of each subunit composing the
Na+/K+-ATPase, which expression is highly variable in a tissue-specific manner, as defined by the
Model Organism Protein Expression Database (MOPED) [27]. Moreover, an inter-individual variability
in the expression patterns of these isoforms, related also to differences in affinity and sensitivity to
cardioactive glycosides, has been demonstrated [31–35]. The variable inter-individual expression
pattern of Na+/K+-ATPase subunits isoforms led us to hypothesize also a variable sensitivity towards
PLTX, sharing its molecular target with cardioactive glycosides.

To identify Na+/K+-ATPase subunits isoforms associated with PLTX sensitivity and identify
genetic markers associated with an increased risk of toxic effects in humans, 60 healthy adult
volunteers were enrolled in the present study. The peripheral blood monocytes from each volunteer
were purified to assess their in vitro sensitivity to PLTX by the MTT reduction test, widely used to
evaluate the toxin cytotoxicity. Sensitivity parameters were expressed as the toxin concentration
inducing 50% of the maximal cytotoxicity (EC50) and the maximum cytotoxicity (Emax) induced by
the highest concentration of the toxin (10−7 M). The recorded EC50 and Emax values demonstrate
a wide inter-individual variability in the in vitro sensitivity towards PLTX. This result corroborates
our previous in vitro findings using a panel of 9 different cell lines, derived from different tissues and
showing a wide range of sensitivity for PLTX binding [44]. However, the present results were obtained
using the same cell type (i.e., healthy volunteers’ monocytes), therefore avoiding variable sensitivity
due to differences in metabolic pathways and/or signal transduction pathways characterizing different
cell types, such as in the previous study.

The genetic analysis of Na+/K+-ATPase subunits within this study was focused on the α1, α3,
β1, β2, and β3 isoforms, excluding the others due to their low or absent expression, in agreement
with MOPED data [27] and with a previous study showing these isoforms as the mostly expressed
in erythroid precursors isolated from peripheral blood [45]. As expected, relative gene expression
data of the subunits isoforms showed a wide inter-individual variability in their gene expression
within the 60 enrolled healthy volunteers. To define whether this variability could be dependent on
demographic factors, relative gene expression data from each donor were correlated with gender,
blood groups, or age. The correlation between gene expression and gender did not highlight any
significant result, in contrast to literature data reporting different expression levels of ATP1A1 and
ATP1A3 genes in myocardial cells between men and women [30]. However, since gene expression
of the Na+/K+-ATPase isoforms is tissue-specific, it is possible that this discrepancy could be due to
the different investigated cell type. Similarly, no significant correlation between gene expression and
blood group was recorded, whereas a significant negative correlation was recorded between subjects’
age and ATP1B3 gene expression, suggesting that as the age increases, the expression of the β3 subunit
isoform decreases. On the contrary, a previous study carried out on skeletal muscle cells showed an
increased β3 subunit isoform expression in humans with average age of 69.4 ± 3.5 years as compared
to young people (age mean = 25.5 ± 2.8 years) [46]. Again, such a discrepancy between our findings
and literature data could be due to the tissue-specific expression of these genes: Indeed, the level of β3
isoform expression in circulating monocytes is significantly higher than that in muscle cells, such as
those of the myocardium (MOPED) [27]. In addition, while our data are based on gene transcription,
the conclusion of that study is based on protein expression data.

A similar approach was followed to investigate if the variable monocytes sensitivity to PLTX could
be affected by healthy volunteers’ demographic factors. A previous study already demonstrated an
increased affinity of the cardioactive glycoside ouabain for lymphocytes Na+/K+-ATPase in females as
compared to males [29]. On the contrary, our results suggest that none of the demographic data (gender,
age, and blood group) are related to the variable monocytes sensitivity to PLTX. This discrepancy
could be due to the fact that ouabain and PLTX were shown to bind simultaneously to the same
Na+/K+-ATPase, each molecule capable of destabilizing the other, but with different binding sites [26],
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as supported by a binding study on human keratinocytes [41]. However, the actual binding site of
PLTX on Na+/K+-ATPase has not yet identified, so far, in contrast to that of ouabain, which appears to
be located on the α subunits [47]. Hence, a significant role in the cells sensitivity to PLTX could be
played by other subunits (i.e., the β ones) or some genetic variants (i.e., different isoforms).

With this in mind, correlations between sensitivity parameters and gene expression data on the
Na+/K+-ATPase isoforms considered in this study were analyzed. In particular, correlation analysis
revealed a possible role of the ATP1B2 gene, whose expression appears positively correlated with Emax
values. This suggests that a high ATP1B2 gene expression correlates with the increased monocytes
sensitivity to PLTX cytotoxicity. Thus, to clarify the possible role of the β2 isoform, we evaluated also
the gene expression ratios between the α and β isoforms and their correlation with cell sensitivity to
PLTX. Indeed, it is well known that multiple α isoforms can associate with multiple β isoforms in
a heterogeneous way to form different α/β subunits combinations in the Na+/K+-ATPase complex,
resulting in different ratios between specific α and β isoforms [48,49]. For instance, different expressions
of the α1 isoform, but also of the ratio between α1 isoform and α2 were described in erythrocytes
from infants, according to the month of life [50]. The correlation analysis between the isoforms
gene expression ratios and sensitivity parameters showed a significant positive correlation between
Emax values and the ATP1B2/ATP1B3 gene expression ratio, and a significant negative correlation
with the ATP1B1/ATP1B2 gene expression ratio. These results support the hypothesis that the
high gene expression of the β2 isoform correlates with increased monocyte sensitivity to the toxin
cytotoxicity, in particular when the β2 isoform gene expression is higher than those of the β1 and/or
β3 isoforms. This observation highlights once more that the β2 isoform, despite its low relative
expression, may represent a genetic marker of monocytes sensitivity to PLTX. In addition, a significant
negative correlation between EC50 values and ATP1A1/ATP1A3 genes expressions ratio was shown,
together with a significant positive correlation between EC50 and ATP1A3/ATP1B3 genes expressions
ratio. This suggests that a low gene expression of the α3 isoform (as compared to the α1 and/or
β3 isoform gene expressions) correlates with an increased cell sensitivity to the toxin. Nonetheless,
the possible role of the α3 isoform appears to be minor as compared to that of β2, which is significantly
related to the in vitro cell sensitivity to PLTX, both when considered alone and in relation to other β
isoforms. This observation is of particular interest considering that, as reported above, the α subunit is
involved in the binding of cardioactive glycosides to Na+/K+-ATPase [51,52], with high affinity [31,35].
On the contrary, our results suggest that the gene expression of β subunits (and in particular the isoform
β2) is correlated with the high cell sensitivity to PLTX cytotoxic effect. These considerations represent
a novel insight on the elucidation of the molecular mechanism of action of the toxin, strengthening the
hypothesis that PLTX and ouabain present different binding sites on Na+/K+-ATPase [26,41], and that
the binding site for PLTX might be located on β isoforms. However, further experiments will be
necessary to confirm this hypothesis.

In conclusion, the results of this toxicogenetic study showed a direct correlation between gene
expression of the β2 subunit isoform of the Na+/K+-ATPase and the in vitro sensitivity of human
monocytes to PLTX, shedding light on genetic features underneath the toxin mechanism of action.
In particular, individuals with high β2 isoform gene expression levels (both alone and with respect to
the β1 and/or β3 isoforms) could be more sensitive to the toxic effects of PLTX. A secondary role could
be ascribed to the α3 isoform: subjects with high gene expressions of this isoform compared to the α1
and/or β3 ones could be more sensitive to the toxin effects. To demonstrate that β2 subunit isoform,
and to a less extent α3 isoform, are the Na+/K+-ATPase subunits effectively involved in modulating
PLTX cytotoxicity, further studies are needed, including the evaluation of protein expression of
Na+/K+-ATPase subunits and/or PLTX effects toward cells over-expressing the β2 isoform protein.
Notwithstanding, this study applied for the first time a toxicogenetic approach to define genetic risk
factors influencing the onset of adverse effects in the case of human PLTX poisonings. Given the
importance of determining risk factors in case of foodborne poisonings associated with consumption
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of PLTX contaminated seafood, this study represents a proof-of-concept that can be fruitfully applied
to other algal toxins and seafood contaminants, whose molecular targets are already known.

4. Materials and Methods

4.1. Chemical

PLTX was purchased from Wako Pure Chemicals Industries Ltd. (Osaka, Japan; purity > 90%).
All other reagents were of analytical grade and purchased from Sigma-Aldrich (Milan, Italy), if not
otherwise specified.

4.2. Study Design

Blood samples from 60 healthy adult donors were obtained from the Transfusion Center,
Azienda Ospedaliera Universitaria (Trieste, Italy) and immediately processed. From each donor,
peripheral blood mononuclear cells (PBMCs) were collected by density gradient centrifugation to
characterize their in vitro sensitivity to PLTX. In addition, total RNA was extracted to evaluate gene
expression for the different isoforms of the Na+/K+-ATPase α and β subunits, mostly expressed in
PBMCs. Gene expressions data were then correlated to those of PBMCs in vitro sensitivity to PLTX by
means of cytotoxicity.

4.3. PBMCs Extraction

Blood samples from healthy adult donors were collected by venepuncture, from April 2017
to March 2018, between 08.00 a.m. and 10.00 a.m. to minimize any response variability due to
circadian rhythms. All donors signed an individual review board-approved consent form giving
permission for the collection and use of blood for research purposes (WMA Declaration of Helsinki).
PBMCs were immediately separated by density gradient centrifugation (600× g for 40 min) on
Ficoll Paque™ Plus (Healthcare; Milan, Italy), washed twice with phosphate buffer saline (PBS)
and re-suspended in RPMI-1640 supplemented with 10% foetal bovine serum (FBS), 1.0 × 10−2 M
l-Glutamine, 1.0 × 10−4 g/mL penicillin, and 1.0 × 10−4 g/mL streptomycin. Monocytes were
separated from lymphocytes by adhesion: PBMCs were incubated in flat bottom 96-well plates (300.000
PBMCs/well) for 2 h at 37 ◦C in a humidified 95% air/5% CO2 atmosphere, washed with PBS to remove
unbound lymphocytes and maintained in culture overnight before treatment with PLTX.

4.4. Cytotoxicity Analysis

Healthy donors’ monocytes were exposed to PLTX (10−13–10−7 M) for 4 h the day after
purification from volunteers’ buffy coats. After toxin exposure, cell media were removed
and cells were exposed for an additional 4 h to fresh medium containing 0.5 mg/mL
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT). The insoluble crystals were
then solubilized by 200 µL/well DMSO and the absorbance was measured by an Automated Microplate
Reader EL 311 s (Bio-Tek Instruments, Winooski, VT, USA) at 540/630 nm. The percentage of cell
viability was evaluated with respect to negative control (cells not exposed to the toxin) and expressed
as mean ± standard error (SE) of 3 independent experiments performed in triplicate for each blood
sample of each volunteer. For each healthy donor, cells sensitivity to PLTX was evaluated by means of
EC50 (toxin concentration giving 50% of the maximal effect, i.e., 50% cell viability reduction) and Emax
(percentage of the maximum effect given by the highest toxin concentration; 10−7 M) values.

4.5. Real Time PCR

Total RNA was extracted from healthy donors’ monocytes using the TRIzol® reagent (Thermo
Fisher Scientific; Milan, Italy) according to manufacturer’s instructions. RNA concentration and purity
were calculated using a NanoDrop 2000 spectrophotometer (EuroClone; Milan, Italy). The reverse
transcription reaction was carried out with the High Capacity RNA-to-cDNA Kit (Thermo Fisher
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Scientific; Milan, Italy), following the manufacturer’s instructions. Expression levels of ATP1A1,
ATP1A3, ATP1B1, ATP1B2 and ATP1B3 genes were evaluated by a SYBR® Green-based (KiCqStart
SYBR® Green ReadyMix™; Sigma-Aldrich, Milan, Italy) quantitative real-time PCR (qPCR) following
the manufacturer’s instructions and using the CFX96 real-time system-C1000 Thermal Cycler (Bio-Rad
Laboratories, Hercules, CA, United States). For ACTB, ATP1A1, ATP1A3, ATP1B1 and ATP1B3 genes,
qPCR protocol consisted of an initial denaturation for 3 min at 95 ◦C, followed by 45 cycles of heating
at 95 ◦C (10 s) and extension at 60 ◦C (30 s), whereas for ATP1B2, qPCR protocol consisted of an initial
denaturation for 3 min at 95 ◦C, followed by 45 3-step cycles of heating at 95 ◦C (10 s), 63 ◦C (15 s)
and extension at 72 ◦C (10 s). Gene expression primers were pre-designed (Table 1) and purchased
from Sigma-Aldrich (Milan, Italy). Relative gene expression is quantified by the comparative Ct (cycle
threshold) method and represented as 2−∆Ct with respect to the housekeeping beta-actin (ACTB) gene.
All the data are the mean ± SE of three experiments performed in duplicate. Amplicon dimension
of samples was evaluated using 2% agarose gel electrophoresis to verify the presence of non-specific
products that were excluded.

Table 1. Pre-designed primers (Sigma-Aldrich; Milan, Italy) for qPCR analysis of genes encoding for
the different isoforms of α (1 and 3) and β (1, 2 and 3) subunits of the Na+/K+ ATPase.

Gene Forward Primer (5′→3′) Reverse Primer (5′→3′)

ACTB 5′-GACGACATGGAGAAAATCTG 5′-ATGATCTGGGTCATCTTCTC
ATP1A1 5′-GTGTCTTTCTTCATCCTTTCTC 5′-CCACAGCTTCTAAGTTCTTC
ATP1A3 5′-ATCTGCTCAGATAAGACAGG 5′-AACTCTTGTCAAATGAGGTC
ATP1B1 5′-AAAGTACAAAGATTCAGCCC 5′-CATGATTAAAGTCTCCTCGTTC
ATP1B2 5′-CTCATGTACTTCCCCTACTATG 5′-ATGCGACATTCTACATTCAC
ATP1B3 5′-GCCAAGGATAGATTGTGTTTC 5′-CTGTTACTTCTTTCCCAGTG

4.6. Statistical Analysis

Sensitivity of monocytes from each healthy volunteer to PLTX is expressed as: (i) PLTX
concentration inducing 50% of the maximum effect (EC50) and (ii) the percentage of the maximum effect
(Emax) induced by the highest toxin concentration (10−7 M), and are represented as the mean± standard
error (SE) of 3 replicates. Gene expression data for each healthy volunteer are represented as relative
expression with respect to the housekeeping ACTB gene, calculated as 2−∆Ct and are the mean ± SE of
three independent experiments performed in duplicate. Gene expression values, sensitivity (EC50 and
Emax), and demographic data of the healthy volunteers (age, blood group) were analysed to determine
the median values and the relative percentile range (GraphPad software, version 6.0). Data were
analysed by Spearman’s non-parametric correlation analysis (GraphPad software, version 6.0) since
they did not result in a Gaussian distribution (D’Agostino and Pearson omnibus normality test;
GraphPad software, version 6.0) even after logarithmic normalization. Significant correlations were
defined for p values < 0.05. Gene expression and sensitivity values were also grouped on the
basis of the demographic data of healthy volunteers (gender and blood group) and analyzed by
non-parametric analysis for unpaired data (Mann–Whitney test and Kruskal–Wallis test followed
by Dunn’s post-test, respectively) and defined significant for p values < 0.05 (GraphPad software,
version 6.0; GraphPad Software; San Diego, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/16/
5833/s1.
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