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ABSTRACT

Palytoxin (PLTX) is a marine toxin identified iRalythoazoanthid corals an@®streopsis
dinoflagellates, representing an increasing haZardhuman health. Human poisonings
attributed to PLTX exposure are usually associabemhgestion of contaminated seafood and
to marine aerosol exposure durir@streopsis blooms. However, also dermatological
problems have been recently associated to PLTXneotss exposure durin@streopsis
blooms as well as after handling Balythoa corals. Despite the increasing human cases of
dermotoxicity attributed to PLTX, very few data abats dermal toxicity are presently
available. Hence, the aim of this study is to iigage the cutaneous effects of PLTX
characterizing its mechanism of action. Thus, thiécologicalin vitro study has been carried
out on spontaneously immortalized human keratinegyfHaCaT cells), as a first-round

screening of dermotoxicity.

The entity of cytotoxicity induced by PLTX has befrstly investigated. A short time
exposure (4 h) to PLTX reduces mitochondrial attifMTT assay), cell mass (SRB assay)
and plasma membrane integrity (LDH leakage) witfiedént potencies (Efg values of
6.1+1.3x10™, 4.7+0.9x10° M and 1.8+0.1x18 M, respectively). All these effects are
ouabain-sensitive corroborating the dependency LoF XP effects on the interaction with
Na'/K*-ATPase. These results indicate that among the @fantracellular events following
the interaction of PLTX with the NA-ATPase the earliest is mitochondrial damage. This
sustained cytotoxic effect can be explained by high affinity of binding to HaCaT cells.
Indeed, saturation experiment reveals a Kd affirsgnstant of 3.0£0.4x19 M after an

exposure time as short as 10 minutes.

A possible mechanism of mitochondrial dysfuncti@m e reactive oxygen species (ROS)
overproduction. Among all, only superoxide anion, J@eems to be produced by the toxin

after only 1 h, whereas neither nitric oxide norg®nitrite formation are detected. Hence,



the mechanism of Oproduction has been investigated. Real time PGRyais together with
western blot analysis suggest a possible involvénegnNADPH oxidase (NOX) and
inducible nitric oxide synthetase (INOS) since amlye increase of their gene and protein
expression was observed after short (1 — 4 h) bulamger (24 h) exposure times. On the
contrary, other enzymes involved in ROS produdian COX-1, COX-2, XOD) seem to be
not involved in PLTX effects. Moreover, using se¢ilee inhibitors of these enzymes, we
found that only DPI, a nonspecific inhibitor of bdilOX and NOS, is able to inhibit by 15%,
26% and 43% @ production induced by 18, 10° and 16° M PLTX, respectively. However,
NMMA, inhibitor of NOS, significantly reduces onl®, produced by high (I%)M) but no by
low (10° and 10'° M) PLTX concentrations, whereas the selective biitbi of NOX
apocynin is totally ineffective. Moreover, sinceesithco-administration does not reproduce
DPI effect, a prominent role of these enzymes mstey PLTX-induced oxidative stress
seems unlikely. Another feasible source of ©® mitochondria itself and its production is
regulated by H fluxes through mitochondrial membranes. Indeeg,rgsence of nigericin, an
ionophore that reduces thé knbalance, PLTX-induced Lis significantly reduced by 23%
(10'9 M PLTX) and 24% (1@ M PLTX). Furthermore, the co-administration wititenone, a
complex | inhibitor, thaper seis ineffective, results in a further inhibition 6 production
(-32% and -43% in the presence of°18nd 10° M PLTX, respectively). Moreover, O
production turned out to be ouabain-sensitive anddépendent but é&independent. Thus,
on the basis of these results it has been hypatgkshat PLTX binding to N&K*-ATPase
induces intracellular overload of N&ollowed by intracellular increase of "Hwith a
consequentApH increase across "Hmpermeable mitochondrial inner membrane and O

overproduction by reverse electron transports tglranitochondrial chain.

Under oxidative stress conditions, mitochondrial sfiyction can be mediated by
mitochondrial permeability transition pore (MPTRhich opening, indeed, is induced by

PLTX already after only 5 minutes exposure. MPTRenipg, which turned out to be



cyclosporine A-independent, seems to be mainly deduby the sustained ionic imbalance,
since in Na-free, C4'"-free medium and in presence of nigericin PLTX @ffis strongly
inhibited. The very rapid Nadependent opening of MPTP suggests that thiseigp#tuliar
mechanism of PLTX cytotoxicity and cell degthmum movensCell death induced by the
toxin seems to occur with necrotic-like featurekTR, indeed, induces a concentration- and
time-dependent as well as irreversible uptake o&afdr only 1 h exposure and confocal
images revealed dramatic morphological alteratgunsh as plasma membrane ruptures and
leakage of cytolpasmic content after 4 h. By cattreaspasis 3/7, 8 and 9 are not activated
by PLTX up to 24 h, neither under recovery condisioV oreover, apoptotic bodies formation

is not observed, discarding apoptosis occurrence.

Finally, PLTX effects on some pro-inflammatory nadrs such as cytokines (llet1lL-6,

IL-8 and TNFe) and arachidonic acid metabolism products (P@#d LTB, have been
evaluated. The toxin (10 M) induces an early release of PGEat is time-dependent after 2

h exposure. On the contrary, even if an early gexpgession (1-4 h) is observed, the toxin
induces a delayed release of IL-6 and IL-8 (24wWhereas no effects have been observed

evaluating IL-Xx and TNFe.

In conclusion, this study highlights the toxin vitro properties of PLTX on human
keratinocytes. The intracellular pathway of thetained PLTX cytotoxicity leading to cell
death has been characterized, as well as the imiéory mediators involved in skin irritant
properties of the toxin. These results can corrat@orthe use of non steroidal anti-

inflammatory drugs in association with anti-inflaratory corticosteroids.



RIASSUNTO

La palitossina (PLTX) € una tossina marina iderdifa in coralli zoantidi appartenenti al
generePalythoae dinoflagellati del gener®streopsis Intossicazioni umane attribuite alla
PLTX sono state solitamente associate allingestiimprodotti ittici contaminati, nonché da
un'esposizione ad aerosol marino durante le fi@itliOstreopsis Tuttavia, anche problemi
dermatologici sono stati recentemente associaiRlllT X in seguito ad esposizione cutanea
durante fioriture diOstreopsiso manipolando corallPalythoa Nonostante i crescenti casi di
dermotossicita attribuiti alla PLTX, pochissimi datulla sua tossicita cutanea sono
attualmente disponibili. Lo scopo di questo stuggitato, pertanto, indagare gli effetti cutanei
della PLTX caratterizzando il suo meccanismo dieide’ stato quindi effettuato uno studio
tossicologicain vitro su cheratinociti umani spontaneamente immortdizzallule HaCaT),

considerate metodo predittivo per uno screeninljmpinare di dermotossicita.

In primo luogo e stato caratterizzato il grado itibtossicita indotta dalla tossina. Un breve
tempo d'esposizione (4 h) alla PLTX riduce l'atéivinitocondriale (saggio MTT), la massa
cellulare (saggio SRB) e l'integrita della membrari@matica (perdita LDH) con diversi
valori di EGy (6.1 + 1.3x10", 4.7 + 0.9x10° M e 1.8 + 0.1x18 M, rispettivamente). Tutti
guesti effetti sono sensibili alla ouabaina, coor@ndo la dipendenza degli effetti della PLTX
sullinterazione con la N&*-ATPasi. Questi risultati indicano che fra la catadi eventi
intracellulari dopo linterazione con I'ATPasi iligp sensibile € un danno mitocondriale.
Questo effetto pud essere spiegato dall’alta &ffidii legame della tossina con le cellule
HaCaT. Infatti, esperimenti di saturazione rivelama costante di affinita (Kd) pari a 3,0 =

0.4x10™° M dopo un tempo di esposizione molto breve (10utijn

Uno dei possibili meccanismi di disfunzione mitoddale € una sovrapproduzione di specie

reattive dell'ossigeno (ROS). Tra tutti, solo l@me superossido () sembra essere prodotto

dalla tossina dopo 1 h, mentre né ossido nitricdonénazione di perossinitrito sono stati



rilevati. Quindi, il meccanismo di produzione di © stato studiato. Analisi real time-PCR ed
analisi western blot suggeriscono un possibilevammento della NADPH ossidasi (NOX)
e della forma inducibile dell’ossido nitrico sirgst (iNOS) poiché un aumento precoce della
loro espressione genica e stata osservata dopd(hrevt h) ma non lunghi (24 h) tempi di
esposizione. Al contrario, altri enzimi coinvoltella produzione di ROS (COX-1, COX-2,
XOD) sembrano non essere coinvolti nel meccanisimpraduzione di @ da parte della
tossina. Inoltre, tramite l'utilizzo di inibitoriefettivi di questi enzimi, € emerso che solo il
DPI, un inibitore non specifico sia di NOX che dOIS, e in grado di inibire del 15%, 26% e
43% la produzione di Qindotta da 18° 104 e 10° M PLTX, rispettivamente. Tuttavia,
I'NMMA, inibitore delle NOS, riduce in modo signdativo solo Q prodotto da alte (IE)
M), ma non basse (1906 10 M) concentrazioni di PLTX, mentre linibitore sitleo delle
NOX apocinina e totalmente inefficace. Inoltre, ghd@ la loro co-somministrazione non
riproduce l'effetto inibitorio del DPI, un ruolo pminente di questi enzimi nel causare stress
ossidativo sembra improbabile. Un'altra fonte paksidi O, € il mitocondrio. La sua
produzione & regolata dal flusso di Httraverso le membrane mitocondriali. Infatti, in
presenza di nigericina, uno ionoforo che riducedailibrio protonico, i livelli di Q indotti
dalla PLTX vengono significativamente ridotti de8% (10° M PLTX) e 24% (16 M
PLTX). Inoltre, la co-somministrazione con il robere, un inibitore del complesso | della
catena mitocondriale di trasporto degli elettrahi € di per sé inefficace, induce un’ulteriore
inibizione di produzione di © (-32% e -43% in presenza di 1ce 10° M PLTX,
rispettivamente). Inoltre, la produzione di Qisulta essere ouabaina-sensibile e’-Na
dipendente, ma é*aindipendente. Pertanto, sulla base di questitasig stato ipotizzato che
il legame della PLTX con la NA-ATPasi induce un aumento intracellulare di' aguito
da aumento intracellulare di'Hton un conseguente aumentoAgH attraverso la membrana
mitocondriale interna con una sovrapproduzione glii@otta dal trasporto inverso degli

elettroni attraverso la catena mitocondriale.



In condizioni di stress ossidativo, la disfunziomdtocondriale pu0O essere mediata
dallapertura dei pori di transizione mitocondri@it PTP). La loro apertura, infatti, viene
indotta dalla PLTX gia dopo soli 5 minuti di esposne. Tale apertura, che si e rivelata
ciclosporinaA-indipendente, sembra principalmemtéotta dallo squilibrio ionico indotto
dalla tossina, poiché in terreni privo di Naprivo di C4' ein terreno contenente nigericina,
I'attivita della tossina e fortemente inibita. Lapidissima apertura di MPTP suggerisce che
guesto ¢ il peculiare meccanismo di citotossiailiadossina e ibrimum movenslella cellule
morte. La morte cellulare sembra verificarsi cordanno necrotico. La PLTX, infatti, induce
un uptake di Pl (marker di necrosi) in maniera @m@zione e tempo-dipendente. Tale
uptake € inoltre irreversibile, dopo solo 1 h dy@sizione e immagini ottenute al microscopio
confocale rivelano drammatiche alterazioni morfadbg, quali rotture della membrana
plasmatica e la perdita di contenuto citoplasmal@mpo 4 h. Al contrario, le caspasi 3/7,8e 9
non sono attivate dalla PLTX fino a 24 h, né satbmdizioni di recovery. Inoltre, la
formazione di corpi apoptotici non é stata rileyateartando lipotesi di una morte di tipo

apoptotico.

Infine, gli effetti della PLTX su alcuni mediatgoiroinfiammatori quali citochine (ILd, IL-

6, IL-8 e TNFe) e metaboliti dell'acido arachidonico (P&& LTB,) sono stati valutati. La
tossina (13* M) induce una rapida produzione di PGie & tempo-dipendente dopo 2 ore di
esposizione. Al contrario, la tossina induce uasgio ritardato di IL-6 e IL-8 (24 h), anche se
alterazioni dell'espressione genica si sono ossergepo breve tempo di contatto con la

tossina (1-4 h). mentre non sono stati osservigtiiefalutando IL- e TNF «.

In conclusione, questo studio mette in evidenzarterieta tossiche vitro della PLTX su
cheratinociti umani. L'elevata citotossicita indmttalla tossina conduce ad una morte
cellulare di tipo necrotico mediata dai mitocondinfine, i mediatori inflammatori coinvolti

nella proprieta irritanti della pelle della tossisano stati caratterizzati, ponendo delle basi



molecolari per spiegare l'utilizzo di farmaci aimfiammatori non steroidei in associazione

con corticosteroidi.
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1. Introduction



Introduction

1.1 Palytoxin

The history of palytoxin (PLTX) began many decada®, when a group of researchers
decided to test the veracity of the hawaiian legend-make-o-Hanawhich literally means
"The toxic seaweed of Hana". This legend tells ofian carrying a shark mouth on his back
using it to kill fishermen entering in its fishiragea. The fishermen, however, killed him and,
after burning his body, they scattered his ashmethée bay, called Hana, where the ashes were
scattered, grew a toxic algae. The legend tellstti@awarriors used to go to this beach to dip
the tips of their spears to make them fatal. Okerdenturies the legend has become a taboo:
anyone went to the bay would have been fall inrdisgg At the beginning of 60’s, Prof.
Helfrich discovered the exact location of the baywell as the algae of the legend that was
actually a coral belonging to the gerfealythog especially the specidd toxica(Moore et

al.,, 1982). For this reason the molecule that wsasoglered ten years later by Prof. Scheuer

was called palytoxin.
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1.1.1 Origins
Zoanthid corals (Palythoa spp. andZoanthusspp.)

PLTX has been isolated for the first time in theye&0's in Hawaii by Moore and Scheuer
from zoanthid corals of the gen&slythog especially the speci¢a toxica(fig. 1A, Moore
and Scheuer, 1971). In the following years PLTX andlogues were identified also in other
species of corals in different parts of the woddch asP. tuberculosagUemura et al., 1981)
andP. margaritag(Oku et al., 2004) along the Japanese céastaribaerorum(Beress et al.,
1983) andP. mammilosaalong Puerto Rican and Jamaican coasts, and sjbeies, present
in tropical and subtropical areas of the planete Tdxicity of these coelenterates varies from
species to species; the most toxi®?istoxicga which seems to produce PLTX throughout the
year (Moore et al., 1982). In other species, bytresh, such a®. tuberculosgHashimoto et
al.,, 1969) and®. mammilosgAttaway and Ciereszko, 1974) the presence oftokiea was
noted only periodically, especially during the smawy of zoanthids in the period between

June and August.

Furthermore, the toxin has also been found in Zedstbelonging to the gendoanthugfig.
1B), such ag€. solanderiandZ. sociatusthat live in colonies close to thoseR#dlythoaand

compete with them for space on the reef (Gleita.e1995).

Fig. 1. Images of Palythoa toxid#) and Zoanthus spiB).



Introduction

Dinoflagellates Odreopssspp.)

At the beginning of the 90’s, compounds structyredlated to PLTX have been identified in
the benthic microalga®streopsis an epiphytic dinoflagellate that lives in trodicnd
temperate areas of the plan®streopsisis widespread, indeed, in the Pacific, Atlantic an
Indian oceans (Rhodes, 2011), but over the lastyfesars, these microalgae have found the
ideal conditions for their proliferation in temp&Fazones, such as the Mediterranean sea
(Katikou, 2008). Different species of dinoflageiatbelong to the gen@streopsis almost

all of them turned out toxic as producers of PLTélagues:

« 0. ovata The smallest species of the genus, althoughswtleic than the others (fig.
2). Producer of PLTX and of a new group of toxiadlec! ovatoxins (ova), structural
analogues of PLTX. The recently characterized oisaeanong all (ova-b, ova-c, ova-
d, ova-e) the most studied. In recent years, thecies has been observed in the
Mediterranean sea with massive algal blooms, duwich many people showed
respiratory distress and dermatitis after marirmesa® exposure (Sansoni et al., 2003,;

Galllitelli et al., 2005; Durando et al., 2007).

« O. siamensis It produces ostreocin-D (Ost-D), that was nevesteded Iin

Mediterranean Sea, so far, despite the occurrdn®e siamensivlooms.

« 0. mascarensisThe most widespread worldwide, although its preséhas not been
recorded till now in the Mediterranean sea. It s mascarenotoxins a and b

(MTX-a and MT X-b), the most involved in human intcations recorded along Indian

coasts (Hansen et al., 2001).
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Fig. 2. Images of Ostreopsis ovata.

Bacteria

In early 2000, it was hypothesized that PLTX mayeha bacterial origin (Frolova et al.,
2000). In particular, attention has been focusedbacteria of the genu&eromonasand
Vibrio. In the following years, additional assumptionsrevenade about the symbiosis of
bacteria (belonging to the phylgirmicutes Proteobacteria and Actinobacteria with
coelenterates of the genkalythoaandZoanthus However, to identify the bacteria a method
showing the hemolytic activity of these microorgeans has been used, without a direct
analytical verification of the presence of the hogeeman et al., 2009). Recently, it has been
discovered that PLTX and its analogue 42-OH-PLT& @&so produced by the cyanobacteria
of the genusTrichodesmiumvery common in tropical and subtropical areasesehbacteria
are eaten by other marine organisms that accumthate without showing signs of toxicity

(Kerbrat et al., 2011).
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1.1.2 Chemical structure and chemical properties

PLTX was isolated in 1971 from soft corals of tlemgsPalythoa During those years, it was
thought that its molecular weight was about 3300 ddd that its chemical formula was
C145H264N 407, €ven assuming the lacking of repeated partsyaep and glucidic parts. A
decade later, its chemical structure was elucidatedwo independent groups, one led by
Prof. Hirata at Nagoya (Uemura et al., 1981), ttteeoby Prof. Moore in Honolulu (Moore
and Batrtolini, 1981). Hence, the exact chemicahida of PLTX turned to be GdH2:3N30s4,

with an exact molecular weight of 2680.13 Da.
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Fig. 3. Chemical structure of PLTX.

PLTX is considered one of the most complicate asrag)el molecules found in nature. Its
structure contains 129 aliphatic carbon atoms, débrsdary hydroxy groups, two diene

motifs, a conjugate acrylamide-enamide system, ethmasaturations, two hydrophobic

hydrocarbon chains, cyclic ethers systems and licgcetals are found along its backbone

-6-
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(fig. 3). The structure contains 64 chiral centaes 2 amino groups (Uemura et al., 1985),
whereas the third nitrogen atom is on C115 in thhenfof primary amino group (Moore and
Bartolini, 1981). Despite the complexity of thisustture, in 1989 the entire molecule was
synthesize in its carbossilic acid form (Kishi, 29&rmstrong et al., 1989) and converted,

some years later, into the natural PLT X, foun@.ituberculosgSuh and Kishi, 1994).

PLTX is a white amorphous and hygroscopic solids linsoluble in non{polar solvents such
as chloroform, ether and acetone, slightly solublmethanol and ethanol, while it is soluble
in piridin, dimethylsulfoxide and water. The rep@on coefficient between 1-butanol and
water is 0.21 at 25 ° C, on the basis of the comparbetween the absorbance at 230 nm
between the two phases. In aqueous solution itrgersefoam after stirring, probably caused
by its amphipathic nature. Moreover, it is heatistesmit and a melting point has not been

already defined (Katikou, 2008).

The conformation of the toxin in aqueous soluti@s lbeen investigated using the X-ray
crystallography (SAXS, Small-angle X-ray Scatteyiagd the nuclear magnetic resonance
(NMR). In this study, the structure of PLTX has he®mpared to that of N-acetyl-PLTX,
which presents an acetyl on the primary amino groufl115. In particular, in aqueous
solution N-acetyl-PLTX shows a monomeric form, amgwg the shape of a horseshoe, which
measures 30.6x23.4x13.0 A. PLTX, instead, assumaisnaric form in aqueous solution,
acquiring the form ofo which measures 52.3x22.0x15.1 A. Presently, thispaf PLTX
involved in the dimer formation have not been idesd, although it is thought that the
hydrop hobic region (C21-C40) and the region aratmedconjugated double bonds (C60-C84)
are probably implicated. Moreover, also the teriamino group is probably involved in the
interaction of two molecules of PLTX since N-aceBLTX not only is unable to dimerize,
but also its biological activity is about 100 tinlewser than the reference compound (Inuzuka

et al., 2008).
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Fig. 4. Differences on the molecular structures between>Pafalogues.

Depending on the producing organism, there arerabg&ructural analogues of PLTX (fig.
4). For this reason nowadays we are dealing witgroaip of toxins calledPalytoxin-like

compoundsSome examples are the omopalitoxin, the bisontoped, the neopalitoxin and
the deossipalitoxin, all identified if. tuberculosain the area of Okinawa. Their main
differences are located essentially on the emibceatag in C55 (Uemura et al.,, 1985).
Recently, a new analogue of PLTX, the 42-hydroxyFRL(42-OH-PLTX), has been
identified as the main compound of the specks toxica High resolution liquid

chromatography associated with mass spectrometlly sia (HR LC-MS) have elucidated the
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chemical formula of 42-OH-PLTX (fgH223N{s5) that presents an oxygen atom more than
PLTX. The exact location of the additional oxygetora has been identified by NMR
analysis, and results to form an hydroxy! groupasition C42 (Ciminiello et al., 2009). In
addition, toxicological studies carried out on miemonstrated that the acute toxicity after

oral exposure of 42-OH-PLTX is comparable to tHfdIoT X (Tubaro et al., 2011).

Another PLTX analog is ostreocin-D (Ost-D). Its wfigal formula is G7H»1dN3:053 with a
molecular weight of 2636.47 Da. In its structumeg thydrogen atoms replace two hydroxyls
of PLTX in C19 and C44. Moreover, in C42 the pregeaf an additional hydroxyl group,
absent in PLTX, is detected (Katikou, 2008). Thedty of Ost-D appears to be lower than

that of PLTX (Ito and Yasumoto, 2009).

Recent studies have demonstrated the existencaather group of PLTX analogues: the
group of ovatoxins. Among all, the first to be ididad is ovatoxin-a (ova-a). Its chemical
formula (G,dH,,4Nz0s5, with a molecular weight is 2647.5 Da) as well &5 ¢hemical
structure have been recently characterized (Cihtange al., 2012). Ovatoxins seems to be the
major toxins produced b@streopsis ovataat least in the Mediterranean sea. However, no
toxicological studies have been performed so fad the only carried out is a preliminary
mouse lethality assessment after ip injection ssiggg that ova-a lethality lies below 7.0

ug/Kg (Ciminiello et al., 2012).
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1.1.3 Human intoxications

Human hazard associated to PLTX resides in its matation in marine organisms, both
through filtration and ingestion, and potentialigtexing, therefore, in human food chain. For
example, some crustacean®latypodiella spectabilis invertebrates Rolychaete spp.,
Hermodicespp., Eunice spp.) and starfishAcanthasterspp.) living nearby the zoanthids
colonies, accumulate PLTX (Gleibs et al., 1995).TRLhas also been identified in fish
(Chaetodon capistratusand Chaetodon sedentariysthat feed Palythoacolonizing
invertebrates. The toxin has been found in the, skirscles, intestines, gills, liver and eggs of
these fish. Most of these marine organisms tolsraeey well the toxin, showing no signs of

toxicity, even at concentrations causing disturbano humans (Gleibs and Mebs, 1999).

Moreover, als@streopsisspp. can be filtered or ingested by higher maoirganisms: PLTX
and analogues have been identified in crustaceansssels and echinoderms in the
Mediterranean sea (Aligizaki et al., 2011). Howewuethese areas, marine organisms such as
sea urchins and sea stars have shown signs oftyosiach as loss of spines and arms,
respectively (Sansoni et al.,, 2003) although no dunntoxications associated to their

ingestion have been described in these areasr éalifgizaki et al., 2011).

Cases of poisoning following ingestion of contan@taseafood have been recorded mainly
in tropical and subtropical areas, some of themddiout to be fatal. However, most of these
intoxications have been ascribed to PLTX on theshaisscreening tests that were performed
on seafood samples collected or purchased aftbefmre the poisoning episode, or on the
basis of clinical observations, signs and symptomdeed, only few cases have been
documented in literature through a direct PLTX deom in the seafood leftovers that caused
the poisoning (Tubaro et al., 2011). A fatal cal$erangestion of a cralDlemania reynaud)i

occurred in the Philippines, where a 49-years-neorted a metallic taste after consuming
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the crab and, shortly after, developed a generalaisea that initially involved the
gastrointestinal apparatus (Alcala et al., 1988)e Ppatient experienced nausea, tiredness,
diarrhoea, and vomiting followed by dizziness, naegs of the extremities, muscle cramps
and restlessness. After hospitalization he expesralternating periods of normal heart rate
and severe bradicardia (30 beats/min), rapid aatlosh breathing, and cyanosis around the
mouth and hands. Finally, the patient died 15 lrafhe crab ingestion. In this case, the
causative toxin was suggested to be PLTX mainlythen basis of the chromatographic
properties as well as by mouse bioassay (Alcakl. gt988). In the same period, Noguchi et
al. (1987) described a case of a man (54 yearsaold)a woman (79 years old) poisoned after
parrotfish Scarus ovifrons consumption. The symptoms, developed within 1@ 48 h,
respectively, were mainly dyspnoea, myalgia and/alsions. My oglobinuria and high serum
levels of CPK (creatine phosphokinase), AST (alraminotransferase) and LDH (lactate
dehydrogenase) were recorded. The man recoverbthwihe week, whereas the woman died
for respiratory failure associated with musculamedge, 4 days later. Mouse bioassay
revealed the presence of a “parrotfish toxin”, watharmacological and chemical properties
generally consistent with a PLTX-like compound. Ase of fatal poisoning due to
contaminated tropical sardinesidrklotsichthys quadrimaculatysinvolved a woman in
Madagascar (Onuma et al.,1999). The patient refemeunusual metallic taste of the fish and
within 2 h developed general malaise, uncontralaalmiting and diarrhoea. The patient died
after one day, whereas her son, who ate a sinmlar @lid not develop any symptoms. The
causative toxin was identified as PLTX and/or aga&s on the basis of its delayed
haemolytic activity inhibited by an anti-PLTX antidly and confirmed by chromatographic
analysis as well as by mass spectrometry data. vezently, eleven people out of 33 were
intoxicated after a serranid fislEginephelussp.) ingestion. The patients (ages between 27
and 57) suffered muscle pain, followed by dischafdgalack urine and low back and shoulder

pain. The hematological analysis revealed sigmitigaincreased serum levels of CPK, up to
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nearly 24,000 IU/l. All the patients recovered afteore than one month. Uncooked fish
muscle flesh from the leftovers was analysed fer ihesence of PLTX by mouse bioassay

and hemolysis assay (Taniyama et al., 2002).

In the temperate area, such as the Mediterranean ragman hazards due to PLTX
intoxications are mainly associated @streopsisblooms. Since the beginning of the 1970s,
this benthic dinoflagellates appeared in tempeslatates and gradually their blooms became
a recurring phenomenon in the Mediterranean sedikg{a 2008; Rhodes, 2011). In
particular, since the end of the last decade, mastéooms ofOstreopsisspp. occurred along
the Italian, French and Spanish coastlines, sorastinesulting in respiratory and febrile
syndrome outbreaks in humans exposed to sea-spragoh containing fragments of algal
cells and/or PLTX, and directly to seawater duriagreational activities (Brescianini et al.,
2006; Gallitelli et al., 2005; Kermarec et al., 800 angialajo et al., 2008; Monti et al., 2007;
Rhodes, 2011; Tichadou et al., 2010; Tognetto.etl@B5; Totti et al., 2007; Zingone et al.,
2006). The first cases @streopsisblooms along Italian coast associated to humaasiies
were recorded in 1998, 2000 and 2001 along the dnyscoast (Sansoni et al., 2003) and
along Bari coast in 2001 (Di Turi et al.,, 2003). 2003 and 2004, in the same area,
concomitantly with twaOstreopsisblooms, 28 persons exposed to marine aerosolajese!
respiratory syndromes associated with fever, catjitis and dermatitis (Tubaro et al.,
2011). The most prominent episodes of human paigomlated taOstreopsis ovatdlooms
occurred in the summers 2005 and 2006 along thst acifaGenoa and La Spezia. In that
period, seawater analysis showed the presencaofdensities oD. ovataand, for the very
first time, of a putative PLTX and its analogue tosn-a (Brescianini et al., 2006;
Ciminiello et al., 2006, 2008). In July 2005, adiatf 209 patients required hospitalization for

cough, dyspnoea, sore throat, rhinorrhoea, few&8°C, headache, lacrimation,
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nausea/vomiting and dermatitis with a mean onsely wiptoms equal to 4 h 33 min after the
beginning of exposure. During the summer 2006, @09 subjects presented the above-
described symptoms concomitantly with a n@streopsis ovatalgal bloom close to Genoa
and La Spezia (Durando et al., 2007). In recentsyddooms ofO. ovataandO. siamensis
were recorded in the Mediterranean coasts of SgairFrance (Battocchi et al., 2010; Vila et
al.,, 2001). In Spain (August 2004), an outbreakespiratory syndrome involved 200 people
exposed toOstreopsisbloom in Catalonia. Within 3 h after seawater aetoexposure,
patients referred rhinorrhoea (74%), rhinitis (66%)roat irritation (63%), cough (60%),
expectoration (52%), eye irritation (41%) and hedda(40%), but no hospitalization was
required (Kermarec et al., 2008). In France, thet ftases of human iliness in concomitance
to Ostreopsisblooms (25,000-900,000 cells/l seawater) were m@rded in August 2006,
along Bouches-du-Rhéne, where four divers werehmgdb The symptoms referred included
lips and tongue irritation (100%), headache (1009t)pat irritation (25%), fever (25%) and

diarrhoea (25%) (Kermarec et al., 2008; Tichadoal.e2010).
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1.1.4 Mechanism of action

The main biological target of PLTX is the M&'-ATPase on the plasmatic membrane of a
large variety of cellular types (Habermann, 1988 /K *-ATPase is a transmembrane pump
belonging to the family oP-type ATPaseessential for maintaining cellular homeostasis. It
task is to transport outside the cell thre€ homs for two K ions with a cyclic process that

exploits the hydrolysis of ATP and that takes thma of Albert-Post cycle (fig. 5).

It is largely known that PLTX binding to the etenmer o-p of the Na/K*-ATPase changes it
from a pump to an unspecific cationic channel indg@ consistent cationic disequilibrium at
the cellular level (Artigas and Gadsby, 2004; Hiigean, 2003). This binding, allowed in the
E,P conformational states of the pump, due to theomBLTX affinity for the ATPase
(Artigas and Gadsby, 2004, Harmel and Apell, 20R6drigues et al., 2008), makes the
cysteins substituted for several residues in tiile &nd sixth putative transmembrane helices
(Guennoun and Horisberger, 2000; 2002). The cors®guis a rearrangement of the
helices in the protein’s membrane domain, whiclovedl the opening of the cytoplasmatic
gate of the pump. Moreover, in thePEconformational states the extracellular gate is
physiologically open. Hence, as shown in figurda® ¢contemporary opening of the two gates
induces the formation of the channel that is opeseldng as the pump is phosphorilated (the
dephosphorilation of the pump allows its conforimaél change into the state))E
Furthermore, PLTX binding reduces the rate of pumgohosphorilation, therefore,
protracting the opening of the channel (Artigas &atlsby, 2004, Harmel and Apell, 2006,
Rodrigues et al., 2008). Once dephosphorilatedp tingp can come back in its ordinary cycle.
However, there is a controversy whether the depimdation causes also the detach of

PLTX.

In view of this peculiar mechanism of action, latfsstudies report the ability of the cardio-

active glycoside ouabain to inhibit some PLTX efteio vitro (Habermann and Chhatwall,

-14-



Introduction

1982; Schilling et al., 2006; Vale-Gonzalez et 2007, Pelin et al., 2012). Notwithstanding,
some speculations try to investigate if W& -ATPase is really the only specific target of
PLTX. Indeed, it seems that it could interfere algibh the functionalities of otheP-type
ATPasessuch as SERCA (Sarcoplasmic Reticulum2+Cpump) (Coca et al., 2008,
Kockskamper et al., 2004) and the non-gastfifikF -ATPase pump (Scheiner-Bobis et al.,

2002, Qiu et al., 2006).

f=lalsleleld

Poooool

Fig. 5. Albert-Post model for NaK™ ATPase pump. The pump alternates cyclically in two
principal conformational statesEand B. In the state P the pump is phosphorilated; this
conformation allows the binding of the palytoxirathinduces changes in thehelices
resulting in the opening of the intracellular gat&he binding impairs also the
dephosphorilation of the pump, so that the opemihthe so constituted unspecific cationic
channel is prolonged. At the end, when dephos@ted| the pump returns into its
physiological cycle.
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1.1.5 Toxic effectsn vitroandin vivo

The effects of PLTX are strictly linked to its machsm of action. Indeed, the transformation
of the Na/K*-ATPase in an unspecific channel results in a nicatibn of the cellular ion
homeostasis. The first event consists in an ineceastracellular concentration of Nghat
causes a depolarization of cellular membrane, as@e by the massive efflux of kand by
ca” influx (Wu, 2009). C% influx seems to be mediated by the reverse funutgof the
Na'/C&* exchanger (NCE) caused by the enhanced level bfaNgby voltage-dependent L-
type C&'-channels. The increased concentrations of" Qaay trigger C%I'-dependent
cytotoxic effects. Among all, actin cytoskeletasaliganization (Ares et al.,, 2005), loss of
plasma membrane integrity (Sheridan et al., 2008)czll death (Schilling et al., 2006) seem
to be the most common effects. Moreover, the ieti@ar increase of Naseems to induce an
acidification of the cytoplasm, probably due to theverse functioning of the Nad”
exchanger (NHE) (Rossini and Bigiani, 2011). Funtiare, the increased level of Niself

is believed to directly cause cell toxicity (Dubaisd Cohen, 1977; Muramatsu et al., 1984;
Sheridan et al.,, 2005). These events have diffecensequences on cell viability, with

different effects depending on the cell model.

Considering excitable cells, for instance, PLTX uods dramatic electrophysiological
alterations that culminate in disruption of theditar excitation-contraction coupling, thus
impairing heart functions (Kockskamper et al., 20@ither relevant effects on excitable cells
are neurotransmitter release and an uncontrolledclewcontraction, at least considering
neuronal and muscular cells respectively (Rossidi Bigiani, 2011). Neurotransmitter and
hormone release seem to be®Gdependent events, at least considering norepiirephr
release from rat pheochromocytoma cells (Tatsumi.£1984), acetylcholine release from rat
cerebrocortical synaptosomes (Satoh and Nakaz&@i)land catecholamine release from

cultured bovine adrenal chromaffin cells (Nakanishal., 1991). In cerebellar granule cells,

-16-



Introduction

PLTX-induced membrane depolarization activatesaggtdependent Nahannel and Ca
channel, as well as NCE. The subsequerit @éux induces activation of excitatory amino
acid (EAA) receptors through glutamate released¢\éalal., 2006). Furthermore, uncontrolled
muscle contraction induced by the toxin could haweonly a C%f-dependent mechanism,
but can be caused also by an uncontrolled neumotnéter release. Indeed, in axons and
Schwann cells the most dramatic feature after Plekgosure is the depletion of synaptic

vesicles from putative release sites in the axémsir(et al., 1997).

On non-excitable cells, cytotoxic effects are afl dependent on ionic imbalance induced by
PLTX. Associated with the disruption of ionic batanis the osmotic effect that PLTX exerts
in many cellular systems, as underscored by cellllisg and haemolysis of erythrocytes
(Rossini and Bigiani, 2011). Also in these cell ms N& overload can trigger éa

overload, inducing Cfé—dependent cytotoxic effects such as actin depaiigatéon in rabbit

intestinal cells (Ares et al., 2005) as well atiiman intestinal cells (Valverde et al., 2008b).
Finally, it has been demonstrated that intracellagcium overload may trigger directly cell

death cascades in bovine aortic endothelial cBli(ling et al., 2006).

Studies conducted on different cell models, suchrats liver cells, murine and rat
macrophages, porcine and bovine endothelial omltgjse fibroblasts and rat keratinocytes,
have revealed that PLTX acts as a tumour promdnethese models PLTX stimulates the
metabolism of arachidonic acid and prostaglandiadpction, common effects to many
tumour promoters (Wattenberg, 2007). The mechartesading to tumour promotion could
also be explained by activation of the three mij@P kinases (MAPK), ERK, JNK and p38,
thereby regulating gene transcription of severa-fumour factors. In addition, studies
performed on murine Swiss 3T3 fibroblasts have dwtrated the ability of the toxin to

modulate the activity of the receptors for epiddrgnawth factor (EGF) (Wattenberg, 2007).
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The effects of PLTX observed vitro, together with its mechanism of action, can expthe
effects of the toxin observed vivo. After oral administration (gavage) in mice, PLEKows

a high toxicity with a 50% lethal dose (k§) of 767ug/kg with symptoms such as difficulty
of breathing, cyanosis and paralysis. Hemato-einamalysis revealed high levels of CPK
and LDH at a dose of 60(g/kg, as well as AST at upper doses. Histologicedlysis
revealed acute inflammation in non-glandular porod the stomach of the mice survived for
24 hours after treatment (Sosa et al.,, 2009). Heweawe toxin appears to be highly more
toxic after parenteral routes. The iJxalculated after intravenous administration isleed,

of 0.74ugkg (Mahnir et al., 1992). After intratracheal adistration in mice, PLTX causes
hemorrhage and alveolar destruction and death abr@entration of 2ug/kg (Ito and

Yasumoto, 2009).

Cardiovascular toxicity of PLTX was evaluated ireathetized dogs. However, PLTX used in
this study was only partially purified, owning a M@¥ 3300 Da. Intravenous administration
of 0.06 nglkg PLTX induces a transient increase in bloodspuee followed by a rapid

hypotension and death within 5 minutes. In this ehoohoreover, PLTX causes constriction
of the coronary as well as femoral and kidney &$danducing blood flow interruption at the

concentration of 0.0dg/kg (Ito et al., 1982).
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1.2 Palytoxin and the skin: toxic effects after citneous exposure
1.2.1 Human reports after palytoxin cutaneous contz

The risk for human health associated to PLTX exp®ss not limited by the quite well-
documented number of case reports dealing with acoinited seafood (Cap. 1.1.3). An
alternative exposure route, even if highly undemestted, is the cutaneous contact with PLTX
(fig. 6).

Today, zoanthids are commonly sold in the home raguarade and there is a great deal of
conflicting information available to assess th&siof PLTX exposure from store-bought
aquarium zoanthids. Indeed, well documented exanpfePLTX poisonings from direct
contact with zoanthids are limited. One of thetfreports occurred during the first collections
of P. toxicain Hawaii in the early 1960’s (Moore et al., 198%Yhile collecting zoanthid
colonies in shallow rock pools, with bare hands te®d resulting in small cuts and abrasions,
a researcher experienced dizziness, nausea, headrateasing malaise, and discomfort to
the hands and feet. The first well documented o&&&. T X—-induced toxicity due to handling
a zoanthid coralRarazoanthusssp.) has been recently reported. The patient, euhdis
fingers while cleaning his seawater aquarium, egpeed dermal distress with swelling,
paresthesia and numbness around the site of iagigyell as systemic symptoms. Analysis on
the coral revealed the presence of PLTXs (Hoffmanml., 2008). Signs of dermotoxicity
(edema, erythema, urticarial rush and pruritus) pressisted for several days, associated to
metallic taste and perioral paresthesia have besoritbed in a patient handling a zoanthid
coral with intact skin. The developed symptoms estgd the authors to attribute the
observed effects to PLTX, even without confirmimglgtical data. M oreover, on the basis of
the systematic symptoms observed, a possible deamsbrption of the toxin has been
hypothesized (Nordt et al., 2009). Another cas®lof X dermal toxicity involved a man in

Georgia who contacted with his left hand a “red pmk zoanthid”. The symptoms resulted

-19-



Introduction

in chest pain, light-headedness, weakness and ressbron the left arm, requiring
hospitalization (Deeds and Schwartz, 2010). Upomission, the patient showed elevated
CPK levels suggestive of mild rhabdomyolysis, anglHeart rate and blood pressure were

elevated (116 bpm and 184/96 mmHg, respectively).

R
;1 I-l'h'.:l' I-ll II'

Fig. 6. Amatorial images taken by aquarium hobbyist of pnesd PLTX-induced dermatitis
after cutaneous contact with zoanthid corals (seuravww.wetwebmediaforum.com;
www.algaebase.org).

In the temperate area of Mediterranean sea, instéa&drisk is associated tOstreopsis
blooms. As previously described (Cap. 1.1.3), fhidamiological data describe toxic effects
via aerosol exposure to seawater durdgovatablooms; the symptoms developed were
rhinorrhoea, cough, respiratory distress, fevamjuoctivitis and also skin irritation (Durando
et al., 2007; Gallitelli et al., 2005; Kermarecakt 2008; Tichadou et al., 2010). Moreover, in
summer 2005, a 5 % incidence of dermatitis was edxorded after exposure to marine
aerosol duringOstreopsis ovatablooms in Genoa (Northern Italy) (Durando et aD0?).
However, this incidence is probably underestimatedcause of the non-required
hospitalization due to the low hazard of this syonptwvith respect to the other. Erythematous
dermatitis were also observed in patients exposedarine aerosol durin@streopsislooms
along Puglia coasts (Gallitelli et al., 2005). Re#bg in the same area, dermatological
problems arose in fishermen after the contact with brown mucilaginous water dripping

from the fishing nets containing up to 1.12%nells/L of Ostreopsis ovat@ungaro, personal
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communication). Although chemical analyses wereaaotied out, it could be hypothesized
that PLTX and/or PLTX-like compounds were respadesifor the observed cutaneous
effects. Furthermore, observations carried outh®y/“French M editerranean Cod3streopsis
Surveillance Network” performed along the Frenchdiflerranean and Monaco coasts from
2006 to 2009 concluded that symptoms observed ditect exposure t®. ovatawere

variable, but skin irritation was the most commansand might be the only one in presence

of low Ostreopsisconcentrations in seawater (Tichadou et al., 2010)
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1.2.2 The skin

Skin is a highly vulnerable and visible organ therfaces with the environment. Therefore,
the anatomical structure of the skin is importanbting its functionalities of environmental
barrier, penetrations, absorption and immunolo giedénse from chemicals, particles or other
insults. Skin is the largest organ system of thdyband is anatomically divided into two
principal layers: the epidermis (composed of at#igd epithelium) and the underlying

dermis (fig. 7, Monteiro-Riviere, 2010).
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Epidermis

The epidermis is a keratinized stratified squamepghelium derived from ectoderm and
forms the outermost layer of the skin. The epidgroainsists of two primary cell types: the
keratinocytes and the non-keratinocytes. The labasist mainly in melanocytes (pigment
formation), Merkel cells (sensory perception) ammderhans cells (immunological function).
The firsts, instead, are the major cell type ofép@ermis and consist of flamentous proteins
and keratins. These cells undergo a spontaneous$ifeton, differentiation and
keratinization in order to form the different layarthe epidermis (Monteiro-Riviere et al.,

1990). These layers are organized in:

« stratum basaleconstituted by a single layer of columnar or ddabcells that are
anchored to the basement membrane by hemidesmosmdaterally to each other
and to the upper layestfatum spinosujnby desmosomes. Cell turnover in normal

human skin is maintained by constant mitosis aket@approximately 30 days.

« stratum spinosumconsists of several layers of polyhedral-shapetld characterized

by the high number of tonofilaments and connectetidht junctions.

« stratum granulosuimconstituted by three to five layers of flattereedls containing
irregularly shaped keratohyalin granules. Thes@ges contain structural proteins

involved in keratinization and barrier function.

« stratum lucidumpresent only in specific area of the body whaeegkin is thick and

lacks of hair.

« stratum corneumthe outermost layer of the epidermis, directlycontact with the
environment. It consists of several layers of catgly keratinized dead cells,

constantly replaced.
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Keratinization is the process by which in thatum basalekeratinocytes differentiate
migrating upward till thestratum corneum The signal inducing this spontaneous
differentiation seems to come by t&&31 integrin that holds keratinocyes to the basement
membrane. The process involves an increased vohfntde cytoplasm and synthesis of
differentiation products such as tonofilaments,at@nyalin granules and lamellar granules.
As the cellular contents increase, the nuclei a§ age other cellular organelles such as
mitochondria and ribosome disintegrate and the llamgranules discharge their contents into
the intercellular space, hence, coating the céh® final product of the keratinization process
is stratum corneunfiormation, that consists of protein-rich cells @ning fibrous keratin and
keratohyalin surrounded by a thicker plasma mendicaated by a lipid matrix derived from

the granules membranes (Elias, 1983).

Dermis

The dermis is of mesodermal origin, owning the fiorcof supporting the epidermis through
a network of irregular connective tissues extendm¢he hypodermis or subcutaneous tissue
(fig. 7). The matrix of this connective tissue smposed by collagen and both elastic and
reticular fibres, firmly connected in an amorphanscopolysaccharides substance providing
the physical support for nerves and vascular ndtsvof he main cell types present in the
dermis are fibroblast, mast cells and macrophagethBrmore, along nerves, blood and
lymphatic vessels plasma cells, chromatophores;efiid and leukocytes are often found. A
major component of the dermis is the extensive petvef capillaries in order to maintain
body temperature. Indeed, blood flow through skin cary by a factor of 100-fold depending
on the environment conditions, making the skin ohthe most highly perfused organ of the

body (Monteiro-Riviere, 2010).
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1.2.3 Skin inflammation

The skin has important biological functions, by evhthe most evident is the constitution of
an effective physical barrier to the environmenattis, consequently, exposed to harmful
external hazards. Considering the large varietyhege stimuli it is difficult to completely
summarize all the reactions involved in skin inflaation. Hence, in view of the chemical
properties of PLTX, this chapter will be focusedyoon skin reactions involved in chemical
insults. Among these reactions the most commonatopic dermatitis (AD) and irritant
contact dermatitis (ICD). The latter is a non-immlargical, local inflammatory skin reaction
localised in epidermis and in outer dermis, oceilgiin response to irritant chemical exposure
(Welss et al., 2004), whereas AD is an allergicedlasflammation disease characterized by
an intense infiltration of lymphocytes, monocytasd aeosinophils (Briganti and Picardo,
2003). In both cases, keratinocytes, as the pregoricell type in skin, play a basic role in
the initiation, modulation and regulation of cutame inflammatory reactions due to chemical
or physical insults. These regulations consist Ilyaim generation of cytokines via
transcription factors activation and regulation RDS balance (Cap. 1.2.4). There is
increasing evidence that epidermal cytokines mayehan important role in mediating
inflammatory and immune responses in the skin,ltiegun vasodilation and infiltration of
immune system cells into the epidermis and the dernThus, the resuling
pathophysiological signs are erythema, skin indomaind oedema, as summarized in figure
8. A part from keratinocytes, a number of cell tyjrethe epidermis are capable of secreting
cytokines, including Langerhans cells, melanocgélts, and even Merkle cells. However, in
the epidermis keratinocytes are the major sourceybtdkines that normally are not actively
secreted by keratinocytes. However, a number afitzgae capable of mediating keratinocyte

cytokine production, including cytokines themsely&asel et al., 1990).
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Fig. 8. Proposed mechanism of the pathway of skin inflamemanduced by irritant
substances such as surfactants. The process asitiaith the release of ILal subsequently
leading to the induction of secondary mediators l@mdar responses), followed by
morphological alterations and, finally, the onsdttgpical symptoms of contact dermatitis
(source: (Welss et al., 2004).

Skin cytokines can have pro- as well as anti-inffeatory behaviour, and dysfunction in their
balances can induce inflammatory diseases (Felietaal., 1996). Cytokines provide a cell-
to-cell communication system between adjacent dglracrine effect), between cells at
distant sites (endocrine effect), and intercell@tiects (autocrine effect). While cytokines
have diverse functions, they have common charatiesi Cytokines can be divided into
different groups basing on their functions, origind chemical structures: interleukins (IL),
tumour necrosis factors (TNF), chemokines, colotiynglating factors (CSF), interferons

(IFN) and growth factors (GF).

-26-



Introduction

Cytokine | Produced by Keratinocytes Eunctions

L1 Yes Keratinocyte and endothelial cell proliferation, neutrophils, NK, T-cell, B-cell, and
macrophage activation. Chemotactic for T- and B-cells. Induces PMN degranulation
and adherence on endothelium. Cytostatic and/or cytotoxic for certain tumor cell lines.
Increased collagen synthesis by fibroblasts and fibroblast proliferation, but also
increased collagenase activity. Induces hepatic synthesis of certain acute-phase pro-
teins, pyrogenic and cachectic effects. Increases synthesis of CSFs, IL-1, IL-2, IL-2R, IL-
6, IL-8, IFN-7, TxA2, PGE2, LTB4. Increases ICAM-1, ELAM, VCAM-1 expression.
Several overlapping effects with IL-6 and TNF-a

IL-2 No T-cell growth factor, induces lymphokine-activated killer cells, activates cytotoxic T-cefls

IL-3 {mouse) Supports the growth and differentiation of pluripotent bone-marrow-derived stem cells,
growth factor for mast cells

IL-4 No B-cell growth and differentiation factor, growth factor for Tcells and mast cells.
Eosinophil recruitment

IL-5 No B-cell activation, growth and differentiation, eosinophil differentiation and chemoat-
traction
IL-6 Yes Induces hepatic synthesis of acute-phase plasma protein, stimulates B-cells, weak

antiviral properties. Several overlapping effects with IL-1 and TNF-a

IL-7 Yes B- and Tcell proliferation, maturation of eosinophils and B- and T-cell precursors

I8 Yes Chemotactic for neutrophils and T-lymphocytes

IL-9 No T-cell growth factor in leukemic cell lines

IL-10 Yes Inhibitory factor in contact sensitization and inhibits T-cell proliferation; IL-2 mediated,

TH-2 cylokine with inhibitory effects on TH-1 cytokines

IL-11 Yes To be elucidated

IL-12 Yes Increases TH-1 response. Important in TH-1/TH-2 balance.

IL-13 No Induces IL-1ra and IL-6 mRNA production on monocytic cells

IL-15 g T- and B-cell activation, IL-2 receptor-related

GM-CSF Yes Stimulates formation of granulocytes, macrophages, and, at higher concentrations,

eosinophil colonies from pluripotent hematopoietic stem cells

G-CSF Yes Preferentially stimulates granulocyte colonies and, at higher concentrations,
macrophage colonies

M-CSF Yes Stimulates macrophage colonies from pluripotent stem cells

TNF-a Yes Necrosis of some tumors in vivo, cytostatic for certain cell lines in vitro, many overlap-
ping functions with IL-1; several overlapping effects with IL-6 and IL-1

TNFp No Cylostatic and cytotoxic for some tumor cell lines in vitro, necrosis of some tumors in
vivo, many overlapping functions with IL-1

IFN-7 No Cytotoxic for T-cell, NK, and monocytes, stimulates IL-1 and IL-2 synthesis, induces
immunoglobulin production, upregulates ICAM-1 expression

Tab. 1. Function of immunoregulatory and pro-infammatorytakines present in human
keratinocites (source: Feliciani et al., 1996, mfget).

Keratinocytes synthesize and secrete a varietyhesd cytokines (table 1, Feliciani et al.,

1996), the most important of them are:
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Interleukin 1 alpha (IL-&). Is believed that IL-d is the main switch in the initiation
of skin inflammation. It is constitutively expresism keratinocytes of all epidermal
layers, accumulated in the cytoplasm or in a memdstmund form. Therefore, ILel

is only released from leaky cells following celljury or membrane perturbation.
Moreover, IL-In induces the expression of itself as well as offrerinflammatory
cytokines like IL-6 and IL-8 by binding to the IL+Eceptor |, which is expressed on
keratinocytes plasma membrane. At the moleculagllBv1 is a potent regulator of
NF-kB pathway as well as activator of the activatingtpin 1 (AP-1), therefore
controlling various genes expression associated whie regulation of epidermal

homeostasis and inflammation (Welss et al., 2004).

Interleukin 6 (IL-6) The major mediator of the acute phase responsskif
inflammation also acting as an endogenous pyrdges.produced by keratinocytes,
monocytes, Langerhans cells, fibroblasts, T-celigjothelial cells and melanocytes.
IL-6 is a pleiotropic cytokine that augments immgtabulin production by B-cells,
enhances B-cell growth and differentiation, stirtegathe proliferation of T-cells as
well as of keratinocytes themselves. It is ablesyoergize with IL-1 in augmenting

antigen presentation, thus enhancing inflammateagtions (Feliciani et al., 1996).

Interleukin 8 (IL-8) It is a potent neutrophil chemoattractant andvatihg factor
produced by a variety of cells, including monocytiisroblasts, endothelial cells,
keratinocytes, melanocytes and Langerhans cedisprivduction is augmented by the
primary cytokine IL-1, IFNy and TNFe. IL-8 is primarily a neutrophil
chemoattractant with some T-cell chemoattractanivigc by enhancement of cell
adhesion molecule on neutrophils. Intradermal t@@clL-8 induces neutrophil

accumu lation in dermis surrounding the dermal bloeskels.

-28-



Introduction

Interleukin 10 (Il-10). IL-10 has immunosuppressive properties and maybiin

cytokine synthesis as well as T-cell proliferatié@ellular sources of IL-10 include
macrophages, B cells and keratinocytes (Feliciaial.e 1996). IL-10 might represent
an important co-factor in the recovery phase o skilammation, since it has been
demonstrated that it is a natural suppressant raant responses, and it limits

immunopathologic damage in the skin (Wells et2404).

Tumor necrosis factor alpha (TNH- It is a pleiotropic pro-inflammatory cytokine
that influences the development of inflammation ibglucing the expression of cell
adhesion molecules. TN&-is stored in the epidermal mast cells, monocytes,
macrophages, lymphocytes and produced by keraties@fter stimulation (Wells et
al.,, 2004). TNFa induces fever, hypotension, leukopenia, localugssecrosis, PGE
and collagenase synthesis, fibroblast proliferatard collagen synthesis (Feliciani et

al., 1996).

Interferon IFNs are intimately concerned in innate immuraiyd involved in helping
to induce the acquired immune response. Amondlredlmost important is IFN; the

most potent activator of antigen presentation amgbimhistocompatibility complex
(MHC) class 1l expression. In general, all IF B, y) are powerful upregulators of

MHC class |.

Another important pathway driving cutaneous inflaaion involves the eicosanoids, which

are generated from arachidonic acid (AA) metabqliafter its release from the membrane-

bound form by activation of phospholipase, APA,). Indeed, eicosanoids, such as

prostaglandins (PGs) and leukotrienes (LTs), angomant mediators of the inflammation.

The oxidative metabolism of AA is catalysed by tmain enzymes: cyclooxigenase (COX)

and lipoxygenase (LOX), producing PGs and LTs, eepely (fig. 9). The firsts are key
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enzymes involved in a variety of physiological ftions. At least two isoforms have been
well characterized: COX-1 is the house-keepingasuof constitutively expressed in most
tissues, whereas COX-2 is induced by pro-inflammyatagents. LOX are a family of non-
heme iron dioxygenases that insert molecular oxyiggnpolyunsaturated fatty acids. There
are several isoforms, among which the most commohuman epidermis is el2S-LOX

(Bickers and Athar, 2006).

| Mem brane pliospholipids
!
¥ Phosphalipase

Araschidonic acid |

Cyclooxygenase Nﬂ:ﬁ“**

. Cyelic endoperoxides PGE
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Fig. 9. Scheme of arachidonic acid (AA) metabolism. After telease of the membrane-
bound form of AA by Phospholipasg (®RA), prostaglandins (PGs) and leukotrienes (LTs)
are synthesized by activation of cyclooxigenaseX{Cand lipooxigenaase (LOX).

Regarding skin inflammation, prostaglandin (PGE) is the best investigated prostaglandin.
For instance, high level of PGHhas been found to be released after irritatiorn wéarious
irritants (Welss et al., 2004) as well as in séwsiand diseased (psoriasis and eczema) skin
types (Reilly et al., 2000). Moreover, increasedcemtrations of arachidonic acid and
prostaglandins have been found in human sustakiadrdlammation induced by ultraviolet

irradiation. Furthermore, also abnormal AA metabwliby the LOX pathways is associated
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with lesion inflammatory skin disorder. For instandéeukotriene B4 (LTB is one of the
most potent chemokinetic agents for polymorphoraudtellsin vitro andin vivo (Black et al.
1985). Enhanced levels of LT,Band 5-lypoxigenase metabolites of AA have beem als

identified in inflamed skin due to atopic dermatiéind psoriasis (Ruzicka et al., 1986).
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1.2.4 Oxidative stressin skin

Skin provides the major interface between the envirent and the body, constantly exposed
to chemical and physical environment pollutantse§ehcompounds or their metabolites are
inherent oxidants and/or directly or indirectly vdrithe production of a variety of reactive
oxygen species (ROS). Hence, it is well acceptatl ROS imbalance is largely involved in
the pathogenesis and maintenance of skin inflanamaliseases, such as atopic dermatitis,
psoriasis and irritant contact dermatitis (Brigaantd Picardo, 2003). Moreover, it has been
recently observed the induction of oxidative striEdlewing irritation (Welss et al., 2004).
Some skin irritants, indeed, generate free radi@ad ROS directly through metabolic
activation, redox cycling or other mechanism, whghction as second messengers (Turner
et al.,, 1998; Bickers and Athar, 2006). Howevem-pbysiologic level of ROS can cause
cellular damage by oxidising nucleic acids, praeand membrane lipids, resultingin altered
gene expression and cytotoxicity. Superoxide ari@y) is one of the primary ROS, which
formation is generally catalysed by a flavonic graue. NADPH, NADH, FADH2) through
the one-electron reduction of molecular oxygen.tlkemr reduction of oxygen produces
hydrogen peroxide (D,). This can arise from the dismutation of @hat can occur
spontaneously at low pH as well as catalysed bgrevle dismutase (SOD) (Hancock et al.,
2001). Nitric oxide (NO) is another ROS, implicatéd the pathogenesis of several
inflammatory diseases and in the paracrine reguatf various biological functions. Its
synthesis requires NO synthase (NOS), which coaMerginine and oxygen into citrulline
and NO. Moreover, NO can react withh @o rapidly form peroxinitrite (ONOQ, a highly
reactive oxidising agent that elicits cytotoxiciéymd tissue damages (Chung et al., 1997). NO
enhances and triggers several pro-inflammatory ge®dy lipid peroxidation, inhibition of
mitochondrial respiratory chain enzymes, inhibitminNa /K *-ATPase, inactivation of Na

channel, protein and DNA modifications. Furthermatrdnas been demonstrated that ONOO
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is produced in response to a wide range of toxgiokdly relevant molecules, including

environmental toxins (Szabo, 2003).

There is compelling evidence that oxidative strsssnvolved in the damage of cellular
constituents (i.e. DNA), cell membrane lipids andtgins. Indeed, DNA damages induced by
ROS includes DNA base damage, DNA single-stranddamnble-strand breaks, crosslinking
between DNA and proteins inducing chromosomal aierms that may be mutagenic.
Furthermore, in keratinocytes exposed to irritamndi, several stress-sensitive protein
kinases, involving ROS as mediators, are activalR€dS directly alter kinases, phosphatases
and transcription factors. Indeed, it has been deitnated that in human keratinocytes, ROS
induce the activation of AP-1 and NdB, as well as to activate the MAPK pathway, by
activating ERK and JNK. ERK pathway mainly mediatefiular response to growth factors,
whereas JNK and p38 pathways are involved in cyskiproduction and physical stress

responses (Bickers and Athar, 2006).

On the whole it is reasonable to conclude that bahcentrations of ROS are cell and tissue
damaging, whereas, by contrast, moderate amouiR©OE&f take part in cell regulation, acting
as second messenger and signal transduction mes$eciihis suggests that cellular redox
levels, especially in keratinocytes, plays a pilatde in skin homeostasis and that skin

diseases could result from an imbalance of thexestlate (Briganti and Picardo, 2003).

-33-



2. Aim of the study



Aim of the study

Palytoxin (PLTX), a marine toxin identified iRalythoa zoanthid corals an@®streopsis
dinoflagellates, represents an increasing hazard hioman health. Human poisonings
attributed to PLTX are usually associated to ingestf contaminated seafood, and to marine
aerosol exposure durin@streopsisblooms. However, also dermatological problems have
been recently associated @streopsisblooms as well as t@alythoacorals handling. Well
documented reports of poisonings from direct cantath PLTX are limited, but it seems to
be well known among the zoanthid coral growers thase coelenterates can cause toxicity
through their handling by bare hands. M oreover ctoresciousness of the hazard associated to

Ostreopsishlooms is also increasing among the fishermen.

However, despite the increasing human cases ofalergity attributed to PLT X, scientific
literature concerning PLTX dermotoxicity is scaraad this arises the need for experimental
data characterizing PLT X effects on the skin. Hetloe aim of this study is to investigate the
harmful potential of PLTX after cutaneous exposarel to gain new insight about its
mechanism of action. Thus, a toxicologitraVitro study will be carried out on spontaneously

immortalized human keratinocytes (HaCaT cellsh &sst-round screening of dermotoxicity.

The first step of the study will be the charactaian of PLTX cytotoxic effects, with
particular attention to the putative intracelluathway involved in cell death. It is known
that the molecular target of the toxin is thé a-ATPase. By transformation of the latter in
a cationic channel, PLTX induce a massive ionicalabce. The identification of the chain of
intracellular events that follow this primary effagould help to investigate the crucial steps
in the signal transduction pathways that culminateell death. Hence, this study will focus
on the sequence of intracellular alterations foiloyWPLT X exposure, investigating the role of
mitochondria, of reactive oxygen species, of iamibalance itself as well as the nature of cell

death induced by the toxin.
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Finally, the possibility that PLTX can evoke anlamfimatory response in the skin will be
investigated with a preliminary evaluation of th®lity of the toxin to induce the release of
pro-inflammatory mediators from keratinocytes. Thsults of this study will be useful for

addressing a proper pharmacological approach @trdatment of PLT X-induced dermatitis.

-36-



3. Materials and methods



Materials and Methods

3.1 Chemicals

Palytoxin, isolated fronf. tuberculosawas purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan; lot humber WKL7151, purity 2@90HaCaT cell line was purchased

from Cell Line Service (DKFZ, Eppelheim, Germanygaall cell culture reagents were from

Euroclone (Milan, Italy).

All the other reagents of analytical grade werechased from Sigma-Aldrich (Milan, Italy) if

not otherwise specified.

3.2 HaCaT cells culture

HaCaT cells were cultured in DMEM supplemented w6 fetal bovine serum (FBS),
1.0x10° M L-Glutamine, 1.0x1d g/ml penicillin and 1.0x10 g/ml streptomycin at 3T in a
humidified 95% air/5% C@atmosphere. Cell passage was performed 2 dayscpuaBtience,
once a week.

All the experiments were performed between pasééged 70.
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3.3 Spectroscopic tests
3.3.1 MTT assay

Cells were seeded in 96-well plates at a densit;%x(hf)3 cells/well and after 72 h in culture
exposed to PLTX for 4 h. Cells were then washed wedtls refilled with fresh culture
medium containing 0.5 mg/ml 3-(4,5-Dimethy Ithiazbsi#)-2,5-dipheny tetrazolium bromide
(MTT). After 4 h, the insoluble crystals were salzled by 200ul/well DMSO and the
absorbance was measured by an Automated MicropReader EL 311s (Bio-Tek
Instruments, Winooski, VT) at 540/630 nm. Data mported as % of control and are the

means + SEM of at least 3 independent experimeatfomed in triplicate.

3.3.2 Sulforhodamine B assay

Cells (3x16/we|l), seeded in 96-well plates for 72 h, were@sgd to PLTX for 4 h. For time
course studies, cells were exposed 24 h aftemglati 1.0x10° or 1.0x10" M PLTX for 1

up to 24 h. Cells were then fixed for 1 h with 5@46hloroacetic acid (TCA) and exposed to
a 0.4% sulforhnodamine B (SRB) solution for 30 mesut The incorporated dye was
solubilized in Tris Base Solution pH 7.4. The albsmice was measured by a Automated
Microplate Reader EL 311s (Bio-Tek Instruments, ®é®ki, VT) at 570 nm. Data are
reported as % of control and are the means + SEMt déast 3 independent experiments

performed in triplicate.

3.3.3 Lactate dehydrogenase release assay

Cells (8x16/we|l) were cultured in 96-well plates for 72 h. lGwe medium was then
removed and substituted with 2QBwell of serum-free medium and cells exposed td RL

for 4 h. Lactate dehydrogenase (LDH) release waasured following the “Tox-7 in vitro
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toxicology kit” (Sigma-Aldrich, Milano) manufacturs indications. Absorbance was
measured by an Automated Microplate Reader EL BRibsTek Instruments, Winooski, VT)
at 490/690 nm. Data are reported as % of positorgrol and are the means + SEM of 3

independent experiments performed in quadruplicate.

3.3.4 NBT assay

Cells were plated in 96-well plates at a concertmabf 15x10 cellsiwell. After 4 days in
culture, medium was removed and wells refiled wa®0 ul of 0.5 mg/ml Nitro Blue
Tetrazolium chloride (NBT) in PBS containing 2.5¥1M HEPES. Cells were exposed to
PLTX for 1 h and the diformazan solubilized withOldl/well DM SO and 12Qul/well 2M
KOH. The absorbance was measured by an AutomatertbMate Reader EL 311s (Bio-Tek
Instruments; Winooski, VT) at 630 nm. Data are regbas % of negative control (cells not
exposed to the toxin) and are the mean + SEM olkast 4 independent experiments

performed in quintuplicate.

3.3.5 Griess test

Cells (10x16 cells/well) were plated for 3 days in 96-well @awells were refilled with PBS
containing 5x1G M Hepes and exposed to PLTX for 1h. Griess assay tiven performed on
85 uL of medium following manufacturer’s instructionEiQxytech® Nitric Oxide Assay,
OxisResearch’, USA). Optical density was measured by an Autoth&ecroplate Reader
EL 311s (Bio-Tek Instruments, Winooski, VT) at 54f. Data are reported as % of negative
control (cells not exposed to the toxin) and are theans = SEM of 4 independent

experiments performed in quintuplicate.

-40-



Materials and Methods

3.4 Fluorimetric tests
3.4.1 Propidium iodide uptake

Cells (1x18 /well) were seeded for 3 days in 96-well plated aell membrane integrity was
evaluated by measuring propidium iodide (Pl) flsoence inside the cells. Cells were
exposed to PLTX for increasing time intervals u@4oh. Culture medium was then removed
and cells were rinsed with 2Q@Q of 3.0x10° M PI in PBS. As a positive control, 4. of
Triton-X 0.1% in PBS were added. After 30 minutksfescence intensity was read by a
Fluorocount microplate Fluorometer (Packard, Geghamith excitation length of 530 nm
and emission length of 590 nm. All the samples wken permeabilized with gL of Triton-

X 0.1% for 30 minutes to obtain total cell contémteach sample and fluorescence read. Data
are reported as % of paositive control after normadlon on cell content and are the mean *

SEM of 4 independent experiments performed in qualdate.

3.4.2 DCFDA probe

Cells were plated in 96-well plates at a densityl0fx 16 cells/well and after 3 days in
culture exposed for 1 h to PLTX (fO— 10" M). Cells were then refilled with PBS
containing 1.0x18 M 2’,7"-Dichlorofluorescin diacetate (DCFDA) aneélis maintained for
30 minutes at 37°C in the dark. Cells were thenhedsvith PBS and fluorescence read by a
Fluorocount microplate Fluorometer (Packard, Gegyhamith excitation length of 485 nm
and emission length of 570 nm. Data are reporté&d a§ negative control (cells not exposed
to the toxin) and are the mean + SEM of 4 indepehdexperiments performed in

quintuplicate.
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3.4.3 JC-1 probe

Cells (3x1d Awell) were cultured in 96-well plate for 3 daysdamitochondrial permeability
transition pore (MPTP) opening was evaluated ug@dd Mitochondrial staining kit (Sigma-
Aldrich, Milano) following manufacturer’'s instructm. After PLTX exposure, 5@L/well
working solution of JC-1 (2L 200 uM JC-1 diluted with 4 ml of bi-distilled water, 1l rof

5x staining buffer and 5 mL of culture medium) waded for 20 minutes at 37°C. Cells
were then washed twice with ice-cold culture mediamad fluorescence was immediately
measured by a Fluorocount microplate FluorometackBrd, Germany). JC-1 aggregates red
fluorescence (intact mitochondria) was detectedh\ait excitation length of 530 nm and an
emission length of 590 nm whilst the monomers gfeesrescence (disrupted mitochondria)
with a 485 nm and 570 nm filter combination. Reswiere expressed as a ratio between red
and green fluorescence and were reported as aaveeto the positive control (Ogdg/mL
valynomicin) and are the mean + SEM of 5 indepenhdexperiments performed in

guadruplicate.

3.4.4 Caspasis activation

After 3 days in culture, cells (1xi0’we||) were exposed to PLTX for increasing time
intervals up to 24h. Caspasis 3/7, caspase 8 aspasa 9 activations were evaluated
following manufacturer’'s instructions (Sensolyte®F@ Caspase Substrate Sampler Kit,
Anaspec). Fluorescence was measured with a Fluanbcuicroplate Fluorometer (Packard,
Germany). Data are reported as % of positive co(tfbuM camptothecin) and are the mean

+ SEM of 3 experiments performed in quadruplicate.
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3.5 Immunocytochemical analysis

3.5.1 DAPI: apoptotic bodies formation

Cells (2x10 cells/well) were seeded in 24-well plates. Afted&s in culture, cells were
exposed to 1.0x1®and 1.0x18 M PLTX for 4 and 8 h and fixed for 30 minutes #hPFA

at RT. Cells were then washed twice in PBS, and DM#s stained with Jug/mL 4',6-
diamidino-2-phenylindole (DAPI) for 5 minutes. Inesgwere taken by a epifluorescent

microscope (Eclipse E800, Nikon).

3.5.2 DiL: cell membranes integrity

Cells (2x1(5 cells/well) were seeded for 2 days in 24-well pdatAfter staining of plasma-

membrane with 16 M 1,1-dioctadecyl-3,3,33-tetramethylindocarbocyanine perchlorate
(DiL), cells were exposed to 1.0x8@nd 1.0x13 M PLTX for 4 and 8 h. Cells were then

fixed for 30 min at RT in 4% PFA and washed twicehwPBS. Cell membrane morphology
was evaluated by confocal microscopy (Eclipse Cdsian inverted microscope TE2000U,

Nikon).

3.5.3 Palytoxin binding

Cells (2x10 cells/well) were seeded in 24-well plates. Afted&s in culture, cells were
exposed to 1.0x18 and 1.0x18 M PLTX for 10 minutes. Cells were then washed vABS,
fixed for 30 minutes in 4% PFA and blocked for 3ihumes in TBB buffer (Tris-HCI 50 mM,
NaCl 0.15 M, 2% BSA and 0.2% Tween 20, pH 7.5) amimg 10% horse serum. PLTX
binding was then detected by 1:500 monoclonal mgairst PLTX (gently gifted by Dr.
Mark Poli, USARMIID) and by 1:200 anti-mouse secarydAb AlexaFluor488 conjugated.
Nuclei were detected by gg/mL DAPI for 5 minutes in PBS. Images were taken &

epifluorescent microscope (Eclipse E800, Nikon).
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For immuncolocalization analysis, after DAPI sta@icells were incubated with ™ DiL
for 10 minutes and images were taken by an epékmant microscope (Eclipse E800,

Nikon).

3.5.4 May Grumwald-Giemsa

Cells (2x1(5/we||) were seeded in a 6-well plate for 2 daydisGeere then exposed to PLTX
for 4 h and fixed for 1 minute in MeOH. Cells wdteen stained for 5 minutes in May-
Grunwald stain (0.25% in MeOH) and for 7 minutesGiemsa stain solution (0.1% in PBS).
Cells were then washed with distilled water and 4@xical images were taken by light

transmission microscope (Orthoplan Leitz, Germany).
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3.6 Real time PCR analysis

Cells were seeded for 48 h in 25%cftask at a density of 5xE@ells/flask. Cells were then
exposed for 1, 2, 4, 12 and 24 h to 1.0X1I8 PLTX. For the recoveries experiments, cells
were exposed for 1 h to 1.0x4bM PLTX, washed and then exposed for 1, 3, 11 &t af
recovery time in toxin-free medium. After treatmecells were collected, washed with ice-
cold PBS, total RNA extracted by High Pure RNA &wmn kit (Roche) following
manufacturer’s instructions and then retrotrasedpby PCR with SuperScriptll 200U
(Invitrogen). To quantify the mRNA expression ofesfiic genes, SYBR green real time
gPCR assay was performed by LightCycler technoli®yche, Mannheim, Germany) in 20
I PCR mixture volume consisting of 10 ul of 2X @titect SYBR Green PCR Master Mix
containing HotStarTaq DNA polymerase (Qiagen, Hild&ermany), 400 nM of each
oligonucleotide primer and 100 ng of retrotransalihotal RNA extracted from each sample
per reaction. The amplification was performed wiithial activation of HotStar Tag DNA
Polymerase at 95°C for 15 min and 40 cycles inglgteps: 94°C for 10 s, 60°C for 15 s,
72°C for 30 s for all tested genes. Following ayglito ensure specificity, melting curve
analysis was carried out to verify the amplificatiof PCR products starting at 60°C and
ramping to 95°C at 0.1°C/second. The relative gtieations were performed by specific
standard external curves. The normalisation watopeed by parallel amplification of beta
actin. The specific oligo pairs to amplify genesahing for ROS producer enzymes (COX-1,
COX-2,INOS, eNOS, nNOS and Nox-2) as well aspfarctin were already published (Dodd
et al 2000, Houliston et al 2002, Pierzchalska 20@7, Fink et al 2008, Gibellini et al 2008).
The specific oligo pairs to amplify genes encodprg-inflammatory cytokines (IL-6, IL-8,
IL-10 and TNFe) were chosen basing on literature data (Lee et2@D9; Gibellini et al.,
2008; Torméa et al.,, 2006; Wolf et al., 2002). THegoo primer sequences for XO were:
forward 5'-GCATATCATTGGTGCTGTGG-3, reverse 5-GGTECTTTCTCGATCTTC-
3'. All aligo pairs were from Invitrogen-M olecul&robes, Milano.
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3.7 Western blot analysis

Cells (1.5x168) were seeded for 4 days in 75°nulture flask. Cells were then exposed to
1.0x10™ M PLTX for 1, 2, 4, 12 and 24 h. Cells were thetiected, washed with ice-cold
PBS and total protein extracted by 2@0Lysis Buffer (Tris HCI 10 mM, EDTA 100 mM,
NaCl 100 mM and SDS 0.1%) containing 10% of praéaabibitor. Samples were then run
on 10% acrilamide gels in a Trys-Glycine bufferngsa PAGEM™ Minigel Chamer (Lonza)
and then semi-dry blotted for 2h with 50 mA currentPVDF membrane. Membranes were
blocked for 1h with 3% not-fat milk in PBS and ihated overnight at 4°C with primary
antibodies: anti-actin 1:10000 (Millipore), anti-M$1:1000 (Millipore) and anti-NOX 1:500
(Millipore). Membranes were then washed twice VMBS and incubated for 1h at 37°C with
secondary anti-rabbit HRP-conjugated 1:10000. Cluemimescence was developed by using
LiteAblot® TURBO (Euroclone) following manufacturer's insttions and fixed on Kodak

Biomax light film.

Western blot analysis performed to evaluate BNIR3ression was carried out exposing
HaCaT cells (1.5x10for 4 days) for 4 h to I, 10™* and 10° M PLTX. Total protein
content was extracted as described above and sanwele run in 10% acrilamide gels and
semi-dry blotted as illustrated above. Membranesw®cked for 1h with 5% not-fat milk in
TTBS and incubated overnight at 4°C with primaryitasdies: anti-actin 1:2000 (Millipore)
and anti-BNIP3 1:1000 (GeneTex). Membranes wera weashed four times with TTBS and
incubated for 1h at 37°C with secondary anti-raldhRP-conjugated 1:5000. After four
washes with TTBS, chemiluminescence was developedding Western blotting luminol
reagents (Santa Cruz Biotechnology) following matdirer’'s instructions and fixed on

Kodak Biomax light film.
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3.8 Cell cycle analysis

After 2 days from seeding in 12-well plate, 5xklis/well were exposed for 4 or 8 h to
1.0x10° and 1.0x180 M PLTX. Cells were then detached with a PBS solutcontaining
0.05% EDTA and 0.1% Trypsin and collected in cydoflmetric tubes. Cells were washed in
ice-cold PBS and fixed in 1 mL 70% EtOH. The sarspieere than stained overnight at 4°C
with a PBS solution containing 1Qy/mL PI, 0.05ug/mL FITC and 4Qug/mL RNAse and
cell cycle analysis performed by a cytofluorimet@ytomics FC 5000 (Couler
Instrumentation, CA, USA). Results are presentegpasentage of cells in GO-G1, S and

G2M phases, obtained by 5 replicates.

3.9 Binding experiments

Cells (1x18/well) were seeded in 96-well plates and maintaineculture for 3 days. After
10 minutes exposure to PLTX, cells were washedewiith PBS and fixed for 30 minutes
with 4% PFA. Cells were then blocked for 30 minuired BB buffer containing 10% horse
serum and the toxin detected byu@mL mouse mAb against PLTX for 1 h at 37°C. Cells
were then washed three times with PBS containidgo0Tween 20 (PBS/Tw) followed by
three washes with PBS. PLTX mAb was detected ergodie cells to a HRP conjugated
secondary antibody against mouse (DakoCytomatioilgnd) for 1 h at 37°C. After three
washes with PBS/Tw and three washes with PBS tl®imetric reaction was started by
adding 60uL 3,3',5,5-Tetramethylbenzidine (TMB) substratedastopped by adding 30L
H,SO, 1M. The absorbance was read at 450 nm by a S@egthatometer (Tecan Italia;

Milan, Italy).
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3.10 ELISAtests

The amounts of pro-infammatory cytokines (IL-6,-8L IL-lo and TNF) and pro-
inflammatory mediators (PGEnd LTBy) released by the cells were evaluated by ELISA tes
using commercial kits (Bender MedSystems GmbH andor@ Biomedical Research,

respectively).

Cells were seeded in 25 tifask at a density of 5xf@ells/flask and after 48 h in culture
treated with PLTX following the same experimentahditions of the PCR analysis. Culture
mediums of the same samples used for the real B GR analysis were collected and
maintained at -80°C. The ELISA tests were performaedording to the manufacturer's
instructions, on 50uL of each samples and absorbances were read atnGd®y an
Automated Microplate Reader EL 311s (Bio-Tek Instents, Winooski, VT). Results are
presented as ng/mL of analyte released by the callsulated on the basis of the respective
calibration curves and are the mean + SEM of timdependent experiments performed in

duplicate.

3.11 Statistical analysis

Results are presented as mean £ SEM from at leeet independent experiments. Data were
analyzed by two-way ANOVA and Bonferroni post téatism GraphPad, Inc.; San Diego,
CA) and significant differences were considereg at0.05. Paired data were analyzed by a

two - tailed Student’stest and significant differences were considetqa & 0.05.

ECso values were calculated by nonlinear regressionguai four parameters curve-fitting
algorithm of the SigmaPlot software (Jandel Scfentierkrath, Germany). The time required
to reduce by 50% cell vitality (TY2) was calculatad nonlinear regression using a one phase
exponential decay algorithm of the GraphPad Prisftware version 4.03 (Prism GraphPad

Inc.; San Diego, CA).
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The amount of cytokines and pro-infammatory meatmtreleased by the cells were
calculated by nonlinear regression of the respechandard curves using a five parameters

curve-fitting algorithm of the SigmaPlot softwargafidel Scientific; Erkrath, Germany).
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4.1 Cytotoxicity of palytoxin on HaCaT cells
4.1.1 Concentration-dependency of palytoxin effects

Cytotoxicity of PLTX on HaCaT cells was initiallynvestigated by three methods that
evaluate different end points: the MTT reductiosags that measures the dehydrogenases
activity in mitochondria, the SRB assay, that iatls cell mass through the measurement of

cellular protein content and, finally, the LDH ra&de, a direct marker of cell death.

Figure 10 shows the concentration-effect curvesiobt considering these three different end
points after 4 h exposure to increasing PLTX cotretions (1.Ox1(36—1.0x107 M). The
toxin exerted a concentration-dependent reductibmibochondrial activity starting from
1.0x10" M (-36£7%) that at 3.0xID M was almost totally abolished (-92+1%). The
concentration of PLTX that reduced mitochondridivéty by 50% (EGg) was 6.1+1.3x108"

M (fig. 10).

The PLTX concentration—dependent cytotoxic effeaswonfirmed by SRB assay carried out
in cells treated with PLTX under the same experimeoonditions. However, compared to
the MTT assay, the potency by which PLTX induceé tiytotoxic effect was slightly
reduced, with an E§g value of 4.7+0.9x1¢° M. Indeed, a reduction of cell mass was
observed at 5.0x1F M PLTX (-19+1%) with a maximum effect at 1.0<40M PLTX (-

90+1%).

Finally, the amount of the cytoplasmic enzyme LDeleased by damaged cells was
evaluated. As shown in figure 10, after 4 h expesarthe toxin, a concentration—dependent
leakage of LDH was found with an E{of 1.8+0.1x1G° M. At 1.0x10’ M PLTX, the release

of LDH was equal to that of positive controls (lgiszlls, 100% release).
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Fig. 10. PLTX effect on mitochondrial activit®( MTT assay), cell massq , SRB assay)
and LDH release A ). Cells were exposed to increpgioncentrations of PLTX for 4 h
before performing the assays. Data are reporte@oasf controls and are the means + SEM
of 4 independent experiments performed in tripécat

4.1.2 Time-dependency of palytoxin effects

The influence of time on PLTX effect was investiggitexposing the cells to 1.0x{bM

PLTX, a concentration thaber sereduced cell mass by 30 % within 4 h. A significan
reduction of protein content was found after anosxpe time as short as 1 h (-20+3%,
p<0.001). As shown in figure 11, prolonging the @spre up to 24 h, the cytotoxic effect
increased with a T (the time required to reduc&® cell mass) of 5.1 h (95% confidence

limits: 4.0-7.0 h).

-52-



Results

100

s [o)] @
o o o
—o-

Cell mass (% of control)
Sulforhodamine B assay

0 4 8 12 16 20 24
Time (hours)

Fig. 11. Time course of PLTX-induced cytotoxic effect (3B&ay). Cells were exposed to
1.0x10™ M PLTX for 1 to 24 h before performing the SRBags®ata are reported as % of
control and are the means = SEM of 3 independ gn¢emxents performed in quadruplicate.

4.1.3 Irre versibility of palytoxin cytotoxic effect

In order to evaluate whether the damage induce®IblyX was reversible, HaCaT cells were
exposed for increasing time intervals (1 up to taohJ.Oxlo11 M PLTX, a concentration that
per sereduced cell mass by nearly 20% after 4 h conGelt. medium was then replaced by
toxin-free medium and cells were maintained in wgtfor 24 h. As shown in figure 12, 1 h
exposure to 1.0x18 M PLTX was sufficient to reduce by nearly 40% amlass, that was
further reduced to more than 80% after 8 h of cdnt& half-time of 1.3 h (95% confidence

limits: 0.9-2.2 h) was calculated.
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Fig. 12. Reversibility of PLTX-induced cytotoxic effect BS&ssay). Cells were exposed to
1.0x10" M PLTX for 1 up to 8 h and then to toxin-free medifor 24 h before performing
the SRB assay. Data are reported as % of contrdlare the means + SEM of 3 independent
experiments performed in quadruplicate.
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4.2 Effect of ouabain on palytoxin-induced cytotoxity

The N&/K'-ATPase is considered the main molecular targetPofX and several
experimental data demonstrated that ouabain, akwellvn blocker of the pump, counteracts
some PLTX activitiesn vitro (Habermann and Chhatwall, 1982; Schilling et &10& Vale-
Gonzalez et al.,, 2007; Pelin et al., 2012). Celerenpre-exposed for 1 h to 1.0510/
ouabain and then to the toxin for 4 h. Figure 18wsh the effects of ouabain on PLTX-

mediated mitochondrial activity reduction (A), aslass reduction (B) and LDH release (C).

Ouabain, thatper sereduced mitochondrial activity by 37+3% with respé&o controls,
reverted PLTX toxic effect. Indeed, in presenceoabain, the toxic effect of 3.0x18
3.0x10™ and 3.0x13° M PLTX was reduced by 12+2% (p < 0.01), 20+4% (0.81) and
40+6% (p < 0.001), respectively. Ouabain antaganistfect was evident also on PLTX-
induced cell mass reduction (fig. 13B). Compareddis exposed to PLTX alone, ouabain
(16+1% of cell mass reduction with respect to coisjralmost totally prevented the cytotoxic
effect of 3.0x10" M PLTX (p < 0.001) and reduced it by 55+3% (p ©QL) at 3.0x18 M

PLTX.

In figure 13C the effect of ouabain on PLTX-indudddH release is shown. Ouabain, which
induction of LDH release was almost null, comp letabolished the LDH release induced by
the toxin. The effect of 1.0x1%0and 3.0x10M PLTX was reduced by 86+6% (p < 0.01) and

97+1% (p < 0.001), respectively.

Fig. 13 (next page). Effect of ouabain on PLTX-induced mitochondriativaty reduction A,
MTT assay), cell mass reductid®, (SRB assay) and LDH releagg) (Cells were exposed to
1.0x10° M ouabain for 1 h and then to PLTX for 4 h befgrerforming the assays.
Histograms represent cells exposed to PLTX in theeace i@ ) or in the presence of
ouabain £zz ). Data are reported as % of control amd ¢he means + SEM of 4 independent
experiments performed in quadruplicate. Statistidiiferences: , p < 0.01; , p < 0.001
(Student t-test).
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4.3 Binding of palytoxin on HaCaT cells

To demonstrate the occurrence of PLTX binding onCélla cells, immunocytochemical
analyses were firstly performed using monoclonalbaly against the toxin. Subsequently,

PLTX binding was characterized by ELISA test parfed on HaCaT cells in culture.

4.3.1 Immunocytochemical analysis

To demonstrate the binding of PLTX to intact cellmmunocytochemical analyses were
performed as a qualitative assay. Cells were expfusel0 minutes to 1.0x18 and 1.0x10

M PLTX and washed twice with PBS in order to remtire unbound toxin. PLTX binding
was recognized by adding monoclonal antibody agdtsI X and, subsequently, an anti
mouse secondary antibody AlexaFluor488-conjugatieget fluorescence). Nuclei were then
stained with DAPI (blue fluorescence) and imagé&endy an epifluorescence microscope. In
figure 14 the images obtained exposing the cellshéotoxin are compared to the untreated

controls. The presence of 1.0xf0and 1.0x10 M PLTX was easily detected by the green

signal that, by contrast, was absent in the urgdeadntrols.

In order to evaluate the localization of the toxin the cell, preliminary co-localization
experiments were performed. Cells were exposetlGoninutes to 1.0xI¥ PLTX and, after
two washes with PBS, the toxin detected as destrdimve (green fluorescence). Nuclei
were then stained withdg/mL DAPI (blue fluorescence) and plasma membréaiead with
1.0x10° M DiL (red fluorescence). In figure 15, the thfeerescence are shown alone and
after merging. Cells exposed to the toxin displagedarked green fluorescence (PLTX) that
was almost completely overlapped to the red onenppr@ne) indicating the presence of a

binding site for the toxin at the cell surface.
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PLTX 0.1 nM

PLTX 1nM

Fig. 14. Immunocytochemical analysis of PLTX binding on HEalls. Cells were exposed
to 1.0x10'° and 1.0x18 M PLTX for 10 minutes and PLTX bound detected bgational Ab
against PLTX and anti-mouse secondary Ab AlexaB88rconjugated (green fluorescence).
Nuclei were stained with Lg/mL DAPI (blue fluorescence). Images were takenaby
epifluorescent microscope (Eclipse E800, Nikon).

1nM PLTX

Fig. 15. Co-localization analysis performed on HaCaT caliells were exposed to 1.0x10
M PLTX for 10 minutes and PLTX bound detected byational Ab against PLTX and anti-
mouse secondary Ab AlexaFluor488-conjugated (giflerescence). Nuclei were stained
with 1 ug/mL DAPI (blue fluorescence) and cell membraneh viitox10> M DiL (red
fluorescence). Images were taken by epifluoreso@rbscope (EclipseE800, Nikon).
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4.3.2 Binding experiments

To characterize the binding of PLTX to HaCaT cellaturation experiments were performed
exposing intact cells to increasing toxin concediire (1.0x10“—1.0x108 M) for 10 minutes.
Nonspecific binding was measured in the presenck.@%10° M ouabain. At the end of
incubation, PLTX binding was measured by ELISA gssalls were washed twice in PBS,
fixed in 4% PFA and bound PLTX revealed by mAb d@itir X and anti mouse Ab HRP-
conjugated. Panel A of figure 16 shows the thregesudepicting the total binding of PLTX
(PLTX alone), the nonspecific binding obtained iregence of ouabain, and the specific
binding of PLTX (obtained by subtracting the nongfie binding from the total one). In
panel B, PLTX specific binding is reported in a ségarithmic graph (fig. 16B). From this
curve, Kd value was calculated by nonlinear regpesanalysis and was equal to 3.0+0.4x10

10M.

Experiments were then carried out exposing the telthe PLTX Kd concentration (3.0x10
% M) for increasing time intervals (fig. 17). Assatibn curve of PLTX was obtained
exposing the cells to PLTX up to 30 minutes. Unthes condition, PLTX was found to
quickly bind to HaCaT cells: indeed, an exposuretas low as 10-15 minutes was sufficient
to reach the equilibrium. After 30 minutes expostwe3.0x10° M PLTX, dissociation
experiments were than carried out exposing the ¢ell increasing time intervals up to 30
minutes to the displacer ouabain (1.0'53<JJOI). Ouabain ability to displace PLTX from its
binding sites turned out to occur very rapidly.dad, 5 minutes exposure was sufficient to

induce a significant displacement of PLTX. Howewarabain was not able to totally displace

PLTX, at least up to 30 minutes exposure.
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Fig. 16. PLTX binding to intact HaCaT cells. Cells were esgub for 10 minutes to PLTX
(1.0x10"-1.0x10% M) and the amount of PLTX bound evaluated by EldS#ay.(A) Total
binding of PLTX is represented by black das ( papecific binding, given by PLTX binding
in presence of 1.0xI0M ouabain is represented by gray triangleV ( ) ahd specific
binding of PLTX, obtained subtracting the nonspecibinding from the total one
isrepresented by gray squar@ ((B) Specific binding of PLTX shown in logarithmic scale
Data are the means + SEM of 3 experiments perforimé&tplicate.
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Fig. 17. PLTX binding: association and dissociation expenise Cells were exposed for
increasing time intervals up to 30 minutes to 3WX1M PLTX (association) and

subsequently exposed for increasing time interupléo 30 minutes to 1.0xtav ouabain.
Data are reported as mean + SEM of 3 experimenit®opred in quadruplicate.
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4.4 Palytoxin effects on oxidative stress

To evaluate the ability of PLTX to induce oxidatistress, cells were exposed to increasing
PLTX concentrations (Ib'Z - 10° M) for 1 h and the intracellular levels of thredfatent
reactive oxygen species (ROS) was measured. Thardanod superoxide anion, nitric oxide
and peroxynitrite produced were evaluated by NBBags Griess assay and DCFDA
fluorescence, respectively. As shown in figure RBT X induced a concentration-dependent
increase of superoxide anion, that reached 76+48% respect to the untreated controls at
1.0x10° M PLTX. A significant increase (~15%, p<0.001)sniperoxide was detectable even
at picomolar PLTX concentrations. Under the sameedmental conditions neither nitric

oxide nor peroxy nitrite formation was detected.
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Fig. 18. Reactive oxygen species (ROS) induced by PLTX @ete exposed for 1 h to
increasing concentrations of the toxin and supeatexanion ¥ ), nitric oxide @ ) and

peroxynitrite @ ) were evaluated by NBT assay, Griessay and DCFDA fluorescence,
respectively. Data are reported as % of productiath respect to untreated controls and are
the means £ SEM of 4 independent experiments peednin quintuplicate.
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4.5 Mechanism of superoxide anion production

To evaluate the mechanism of superoxide inductprPbTX, the role of different enzymes
involved in superoxide production have been imgedtid by genetic, protein and functional

approaches.

4.5.1 Effects of PLTX on superoxide anion produceenzymes gene and protein

expressions

PLTX effects on gene expressions of ROS-produainzg mes were investigated by real time
PCR. Figure 19A shows gene expression profiles @K€, COX-2, NOX, INOS, eNOS,
NNOS and XO of cells exposed to 1.08do1 PLTX for 1, 2, 4, 12 and 24 hours. Under these
conditions, no changes in COX-1 and COX-2 gene esgions were observed. On the
contrary, a significant, early increase of NOX egxion (4.7 folds with respect to untreated
controls, p<0.05) was found after 2 h of continuatexposure to the toxin followed by a
reduction to the control levels after longer exgequeriods (4, 12 and 24 h). A similar pattern
was observed evaluating XO gene expression, witimerease of ~4 folds only after short
exposure time (1-2 h). An early increase of INOBegexpression was observed between 1-4
h exposure (5.6 folds, p<0.05 after 2 h), wherdd®8 and eNOS gene expression were

modified only after 12 h exposure to the toxin,iwat ~4 folds increase for both enzymes.

These results were confirmed by western blot amalyie hour exposure increased protein
expression of NOX, followed by a progressive regurcifter 24 h. Similarly, an increase of

INOS protein expression was observed that peak2dhdfig. 19B).

Similar changes in gene expressions were foundsixgdhe cells for 1 h to 1.0xtOM
PLTX, and then to a recovery periods of 1, 3, 1d a8 hours in toxin-free medium (fig.

19C). Indeed, 1 h exposure to the toxin followedlbis recovery time induced a 4.9 folds
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increase, with respect to controls, in NOX generespion, as well as in iINOS gene
expression (5.8 folds). A 4 fold increase in thpression of the genes encoding for nNOS
and eNOS isoforms was observed prolonging the esgame to 11 hours. No changes were

observed for the other ROS-producing enzymes.

Fig. 19 (next page). Effects of PLTX on superoxide-producer enzyme® @em protein
expressiongA) Effects of continuous exposure to PLTX on NOX,.SNENOS, nNOS, COX-
1, COX-2 and XO gene expressions. Cells were eagosdncreasing time intervals (1 up to
24h) to 1.0x18" M PLTX and gene expressions evaluated by real B@R (B) Effects of
continuous exposure to PLTX on NOX and iNOS pragpression. Cells were exposed for
increasing time intervals (1 up to 24h) to 1.0x10M PLTX and protein expressions
evaluated by western blot analysisactin was chosen as a control prote(€) Effect of
recovery conditions on ROS-producer enzymes gemessions. Cells were exposed for 1 h
to 1.0x10"* M PLTX followed by recovery time intervals of 1ta@3 h in toxin-free medium
and gene expressions evaluated by real time PGRistital differences:, p <0.05 (Student
t-test).
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4.5.2 Effects of PLTX on the functional activationof superoxide anion producer

enzymes

In order to identify the enzymes involved in PLT&ependent superoxide anion production,
PLTX effects were evaluated in presence of welhknanhibitors of the considered enzymes:
DPI (5.0x10° M), a nonselective inhibitor of NOX and NOS, apwicy (1.0x10° M), a
specific inhibitor of NOX, NMMA (1.0x1(? M), a specific inhibitor of NOS, indomethacin
(1.0x10" M), inhibitor of COX, and allopurinol (1.0x1bM), an inhibitor of XO. Cells were
pre-exposed for 1 h to the inhibitors and therhtee toxin concentrations (ib 10° and 16
M). Figure 20A shows the percentage of superoxic@yction with respect to the controls
(cells not exposed to the toxin) in presence oeats of the inhibitors after 1 h exposure to
the toxin. In comparison to PLTX alone, only DPIsaable to reduce by 15% (p<0.05), 26%
(p<0.001) and 43% (p<0.01) the amount of superokidieiced by 18° 10° and 1¢° M
PLTX, respectively. Furthermore, at the highestceoration of PLTX (1.0x1'5 M) also
NMMA reduced PLTX effect, decreasing superoxideoanievels by 42% (p<0.01). By
contrast, the presence of the other inhibitors wad affect PLTX-induced superoxide

production.

Figure 20B shows the % of mitochondrial activitycarled in presence of the inhibitors
compared to those obtained by PLTX alone after dxposure. Also in this case, the
NOX/NOS nonspecific inhibitor DPI was able to sfgrantly counteract PLTX-induced
cytotoxicity. Indeed, at 18 and 10° M PLTX, mitochondrial activity was increased by%40

(p<0.05) and 11% (p<0.01), respectively.

In accordance to the lack of effect of the oth&ikors in preventing PLTX-induced ROS

production, no changes of mitochondrial activityrevBound, with respect to PLT X alone.
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Fig. 20. Effects of selective inhibitors of superoxide-progk enzymes on PLTX activity.
Cells were exposed for 1 h to1.0X1® allopurinol, 1.0x10' M indomethacin, 1.0xIOM

apocynin, 1.0x1 M NMMA and 5.0x16 M DPI, and then to PLTX (18-10° M). (A) The
amount of superoxide was measured by NBT assaylate exposurgB) Mitochondrial
activity was measured by MTT assay after 4 h exgoddata are presented as % with
respect to negative controls (cells not exposedlidX) and are the mean + SEM of 4
independent experiments performed in quintuplicate.

Since only DPI, a nonspecific inhibitor of both NCGixd NOS, exerted inhibitory effects on
PLTX-induced ROS production and cytotoxicity, whereNMMA, selective inhibitor of
NOS, was only partially active, we investigatedhié dual inhibition of both enzymes was

necessary in order to counteract PLTX activity. this aim, NBT and MTT assays were
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performed exposing the cells to NMMA and apocyniassociation. As shown in panel A of
figure 21, however, in the presence of apocynin,NNM ability to reduce PLTX-induced

superoxide production was totally abolished. In d@me manner, co-administration of
apocynin and NMMA was not able to at least pastiadistore the mitochondrial dysfunction

induced by the toxin (fig. 21B).
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Fig. 21. Effects of apocynin, NMMA and their co-adminiswat on PLTX-mediated
superoxide production and mitochondrial dysfuncti®ells were exposed for 1 h to 1.0X10
M apocynin, 1.0x16 M NMMA and their association and then t6£010° and 10° M PLTX
for 1 h to evaluate superoxide by NBT as@gyor for 4 h to evaluate mitochondrial activity
by MTT assayB). Data are presented as % of superoxide productonmitochondrial
activity with respect to controls (cells not exmbge PLTX) and are the mean + SEM of 4
independent experiments performed in quintuplicate.
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4.6 Mitochondria as a source of superoxide anionote of mitochondrial electron

transport chain

Another feasible source of superoxide anion ismfiechondria, by reverse electron transport
through the mitochondrial electron transport ch@iimus, we investigated the role of NADH-
ubiquinone oxidoreductase (complex 1) exposingddlés to the complex | inhibitor rotenone
(5.0x106 M), whereas the role of protonic influx was stuaddexposing the cells to nigericin
(5.Ox106 M), an ionophore that exchange$ tdr K*. In presence of nigericin, PLTX-induced
superoxide production was significantly reduced 28/% (109 M PLTX, p<0.05) and 24%
(10% M PLTX, p<0.05). Furthermore, the co-administratisith rotenone, thaper sewas
ineffective, resulted in a further inhibition of PX-induced superoxide production (-32% and
-43% in the presence of fand 16 M PLTX, respectively, p<0.01) (fig. 22A). On thther
hand, nigericin was ineffective in reducing PLT Xtoshondrial toxicity (fig. 22B) but, when
administered in association with rotenone, et secounteracted the effects of 1and 10

M PLTX, exerted a mixed effect, inhibiting rotenoaetivity at a low PLTX concentration

(10°M) and enhancing it at a higher PLTX concentra{ibd® M).
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Fig. 22. Involvement of mitochondrial transport chain in PX-induced superoxide
production and mitochondrial dysfunction. Cells ev@xposed for 1 h to 5.0X10/ rotenone,
5.0x10° M nigericin and their association and then t02010° and 10° M PLTX. The
amount of superoxide was measured after 1 h by &8ay(A) and mitochondrial activity
after 4 h by MTT assayB). Data are presented as % of superoxide production
mitochondrial activity with respect to controls lsenot exposed to PLTX) and are the mean
+ SEM of 4 independent experiments performed imtgplicate.
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4.7 Role of ionicimbalance on palytoxin-induced ogative stress
4.7.1 Palytoxin-induced oxidative stress is ouabaisensitive

To investigate the relationship between PLTX-indupeoduction of superoxide anion and
Na'/K*-ATPase activity, NBT reduction assay was performgaosing the cells to 1.0xt0
M ouabain for 1 h and then for 1 h to the toxirb§.0"*1.0x10% M). As shown in figure 23,

ouabain, thaper seinduced a 12+9% increase of superoxide anion ptamluwith respect to
controls (untreated cells), almost abolished PLTepehdent ROS accumulation at all PLTX

concentrations.
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Fig. 23. Effect of ouabain on PLTX-induced superoxide amiaduction. Cells were exposed
to 1.0x10° M ouabain for 1 h and then to PLTX for 1 h befperforming the NBT assay.
Histograms represent cells exposed to PLTX in beeaceZz ) or presence of ouabamm

). Data are reported as % of control and are theamee= SEM of 4 independent experiments
performed in quadruplicate. Statistical differences < 0.05; ", p < 0.01 (Student t-test).
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4.7.2 Palytoxin-induced oxidative stress and cytoxicity depend on ionicimbalance

It has been demonstrated that the transformatiothef Na/K*-ATPase into a cationic
channel due to its interaction with PLTX induces iatracellular increase of Naand,
consequently, of &4 To evaluate the involvement of these two cationshe early cell
damage induced by PLTX, NBT and MTT assays weréopaed in presence or absence of
extracellular N& or C&". Figure 24A shows superoxide production inducedlLldy exposure
to PLTX in presence of both Nand C&" (D-PBS with C&'/Md*), in C&*-free medium (D-
PBS without CAM g2+ plus 1.0x10 M EGTA) and in Na-free medium (Locke’s solution,
composed by N-methy-Glucamine 0,14 M, KCI 4.4x1®M, CaCh 2.5x10° M, MgSO,
1.2x10° M, KHPO, 1.2x10° M, EDTA 1.0x10° M, Hepes 1.0x16 M and D-Glucose
2.5x10° M, pH 7.4). The withdrawal of Nacompletely abolished the superoxide production
induced by all PLTX concentrations tested (4.0%@.0x10° M). On the contrary, within
the same concentrations interval, PLTX inductiosberoxide anion was not affected by the
removal of C& from the medium, since in this condition superex@hion levels were

comparable to those found in the cells exposedd'aﬂﬂ?*-containing medium.

In figure 24B, mitochondrial dysfunction inducedritig 4 h exposure to PLTX in medium
with Na and C&', in C&"-free medium and in Nafree medium, is presented. Compared to
the activity of PLTX in D-PBS, the effect of thexio after 4 h exposure in a Ceree
medium was significantly reduced at all the PLT Xh@entrations considered. Moreover, in
Na'-free medium, PLTX cytotoxic effect was almost tigtaabolished for toxin
concentrations ranging from 3.0x1%0 3.0x10° M. Under this condition, only at 1.0XI0M
PLTX, a reduction of mitochondrial activity of 34%6with respect to untreated cells was

observed.
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Fig. 24. Effects of N& or c&* withdrawal on superoxide anion induced by 1 h PLTX
exposurgA) and mitochondrial dysfunction induced by 4 h PL&osurgB). Cells were
exposed to PLTX in a Klaand C4 *-containing mediume ), in a Gafree mediumA\) and
in a Na'-free mediumm ) before performing the NBT or MT3ags Data are reported as %
of control and are the means £ SEM of 3 experimeetformed in quadruplicate. Statistical
differences:, p<0.05;", p<0.01;" ", p<0.001 (Student t-test).

Consistent with the toxicity assay, reduction df sember and morphological changes, such

as disorganization of cell architecture, were olmsbin cells exposed to PLTX in a Naand

-73-



Results

Ca?*-containing medium and in &afree medium, but not in Nefree medium. As shown in
figure 25, withdrawal of Nafrom the extracellular medium was able to preveme
morphological changes induced by 4 h exposure @@10° and 1.0x18 M PLTX, where

only a moderate cell swelling was observed.

Fig. 25. Effects of Na and C4" withdrawal on PLTX-induced morphological chang@slls
were exposed for 4 h to 1.0x1and 1.0x13 M PLTX in a Nd- and C&*-containing medium
(TC), in a Na-free medium and in a Gafree medium. Cells were stained with May-
Grunwald Giemsa solutions and 40x images captuntédam inverted optical microscope.
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4.8 Palytoxin effects on mitochondria: role of mitehondrial permeability transition

pore (MPTP)

To evaluate the effect of PLTX on mitochondria,nfiation of mitochondrial permeability
transition pore (MPTP) was initially measured. Pfaignation was monitored by comparison
between JC-1 aggregates (red fluorescence, intécdchondria) and monomers (green
fluorescence, disrupted mitochondria by pore fogpinthe ratio between the two

fluorescence is an index of pore formation.
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Fig. 26. Mitochondrial permeability transition pore (MPTBpening induced by PLTX. Cells
were exposed to increasing concentrations of PLI(X”(— 10’ M) for increasing time
intervals up to 24 h and MPTP opening evaluated J&¢1 fluorescence. Results are
presented as % of pore opening with respect totipestontrol (0.1«g/mL valynomicin) and
are the mean + SEM of 5 independent experimenteqeed in quadruplicate.

As reported in figure 26, exposing the cells tor@asing concentrations of toxin, PLTX
induced a quick opening of MPTP in a concentratlependent manner. Indeed, yet after 5
minutes exposure, the toxin (Y0 — 10" M) induced a significant increase of MPTP

formation with respect to the control, which reati@+3% at the highest concentration of
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toxin tested (1.0x1'6 M). Increasing the time of exposure, MPTP formatiwas also time-

dependent, reaching 100% formation after 24 h exmos
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Fig. 27. Effects of cyclosporine A on PLTX effects. Cedisenpre-exposed for 1 h to 2.0x10
M cyclosporine A and then to the tox{®) MPTP opening was evaluated after 1 h by JC-1
fluorescence. Data are presented as % of pore agewith respect to positive control (0.1
wg/mL valynomicin)(B) mitochondrial dysfunction was evaluated after H\hMTT assay.
Data are presented as % of mitochondrial activitthwespect to untreated controls. Results
are the means + SEM of 4 independent experimemtsrpeed in quadruplicate.
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4.8.1 Mechanism of MPTP opening

To evaluate the mechanism of MPTP opening inducedPhTX, the toxin effect was
investigated in presence of cyclosporine A, a Webbwn inhibitor of MPTP formation by
prevention of cyclophillin D binding to mitochondrimembrane. Cells were pre-exposed to
2.0x10" M cyclosporine A for 1 h and subsequently to ttvért. MPTP opening was then
evaluated after 1 h by JC-1 fluorescence (fig. 2@aAd mitochondrial dysfunction after 4 h
exposure by MTT assay (fig. 27B). In presence dflayporine A, however, the effect of
1.0x10°, 1.0x10" and 1.0x13* M PLTX on MPTP formation after 1 h exposure was no
affected. Similarly, evaluating PLT X-induced mitectdrial dysfunction, cyclosporine A was

unable to counteract the toxin effect ¢16- 10°M).

BNIP3 W S S

k
Actin [
Co 105 1017 104

Fig. 28. Effects of 4 h exposure to PLTX 'ffO— 10° M) on BNIP3 protein expression
evaluated by western blot analygfsactin was chosen as a control protein.

It has been reported that MPTP opening and theesuiesnt mitochondrial dysfunction can be
also mediated by the Bcl-2/adenovirus E1B 19-kilkmoteinteracting protein (BNIP3). BNIP3
is an homologue protein of the BH3-proteins belogdio the anti-apoptotic Bcl-2 family.
However, BNIP3 has been reported to mediate apiostwell as necrotic cell death through
opening of MPTP (Imazu et al., 1999; Vande Veldalet2000; Gustafsson, 2011; Nakamura
et al., 2012). Thus, the possible involvement oflIBBIwas preliminary investigated. Figure

28 shows the effects of 4 h exposure to PLTX1€}O 10° M) on BNIP3 protein expression,
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evaluated by western blot analysis. With respedthtocontrols, an increase of BNIP3 was
observed starting from I8 M PLTX, whereas protein level observed aftef'3® PLTX

exposure was comparable to that of the controls.
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Fig. 29. Effects of N& C&* and H imbalance on MPTP opening induced by 1 h PLTX
exposure. Cells were exposed to PLTX in a normlalreumediums@ ),in a normal culture
medium containing 5.0x1oM nigericin &), in a C4'-free mediumg ) and in a Ndree
medium &= ) before JC-1 assay. Data are reported a®fdpositive control (0.lug/mL
valynomicin) and are the means + SEM of 4 experimegrerformed in quadruplicate.
Statistical differences:, p <0.01; , p <0.001 (Student t-test).

Subsequently, the role of ionic disequilibrium icdd by PLTX through N#&K*-ATPase
blockage on MPTP formation was investigated. Figd®e shows PLTX-induced MPTP
formation in a C&-free medium (D-PBS without €M g** plus 1.0x1G' M EGTA), in a
Na'-free medium (Locke’s solution) and in a medium teiming 5.0x10 M nigericin, an
ionophore that exchanging'Kfor H' reduced the proton disequilibrium. Comparing te th
effect of PLTX in a normal culture medium, undeesh conditions, MPTP formation induced

by PLTX (1013 -10° M) was significantly reduced, with a marked inhidm observable both
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in C&*-free medium and in Nafree medium, where MPTP formation was almost catrghy
abolished.

Finally, the role of two cationic transporters ddlX-mediated effects at mitochondrial level
was investigated. Indeed, MPTP opening as welliasamondrial dy sfunction were evaluated
in presence of 2.0xIOM amiloride (inhibitor of epithelial Nachannel, ENaC) and 2.0x20
M 5-(N,N-Dimethyl) amiloride (DMA, inhibitor of N&H" exchanger, NHE). Cells were pre-
exposed for 1 h to the inhibitors and the to thentgl or 4 h). However, none of these

treatments could revert PLTX-induced effects @ig).
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Fig. 30 (previous page). Effects of amiloride and DMA on PLTX effects. ellere pre-
exposed for 1 h to 2.0xt0V amiloride or 2.0x18 M DMA and then to the toxifA) MPTP
opening was evaluated after 1 h by JC-1 fluoreseeirata are presented as % of pore
opening with respect to positive control (Oi/mL valynomicin).(B) mitochondrial
dysfunction was evaluated after 4 h by MTT assaya@re presented as % of mitochondrial
activity with respect to untreated controls. Resw@te the means + SEM of 4 independent
experiments performed in quadruplicate.
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4.9 Palytoxin effects on cell cycle
Since mitochondria damages may induce cell cyalestuin order to restore mitochondrial
functionalities, the two restriction points in SdaG2M phases were considered. Cells were
exposed for 4 or 8 h to 1.0xf@nd 1.0x18 M PLTX, collected and cytofluorimetric analysis
performed after staining with 10g/mL PI, 0.05pg/mL FITC in presence of 4Qg/mL
RNAse. As reported in table 2, with respect touheated control, 4 h exposure to 1.0%10
and 1.0x10 M PLTX increased the amount of cells in S phase 19# and 18%,
respectively. The delay in S phase was observigadeuaolonging the time of contact with the
toxin up to 8 h. Similarly, cells were delayed ir2l/& phase after exposure to 1.0%1and

1.0x10° M PLTX for 4 h (7% and 4%, respectively), as watl for 8 h (7% and 10%,

respectively).
p value p value p value
% GO-G1  (vscontrol) %S (wsocontrol) % G2M  (vs control)

Control 51+2 41+1 8+1
S | 1.ox1® M PLTX 3043 <0.001 583  <0.01 1241 <0.01
1.0x10° M PLTX 2813 < 0.001 59+4 <0.01 15+2 <0.01

Control 59+1 34+1 7+1
o | 1.0x10 M PLTX 2611 <0.001  63#4  <0.001 1643 <0.05
1.0x1 M PLTX 28+2 < 0.001 56+2 < 0.001 14+1 < 0.001

Tab. 2. Effects of PLTX on cell cycle. Cells were exposed r 8 h to 1.0x18 and 1.0x18

M PLTX, collected and cytofluorimetric analysis foemed after staining with 1fg/mL PI,
0.05ug/mL FITC in presence of 403/mL RNAse. Results are presented as percentage of
cells in GO-G1, S and G2M phases, obtained ovephoa.
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4.10 Cell death induced by palytoxin: apoptosis anecrosis?
4.10.1 Palytoxin does notinduce apoptotic cell dda
Apoptosis occurrence was analyzed by caspasisatictivand by apoptotic bodies formation.

As the last caspasis that are activated duringddspasis-dependent apoptotic process,
caspasis 3/7 activation was initially evaluated.shswed by figure 31A, exposing the cells to
PLTX (10'11 ~ 10’ M) for increasing time intervals up to 24 h, nggasis 3/7 activation was
recorded after 4, 8 and 24 h exposure. The apoppoticess, however, is strictly dependent
on the entity ofthe damage. Hence, in order taigedPLTX cytotoxicity and to give time to
the cell to recover the damage caspasis 3/7 activatas investigated after a recovery period
in toxin-free medium. However, after 1 h exposwehe toxin followed by 3, 7 and 23 h of

recovery time in toxin-free medium no caspasisa@tivation was recorded (fig. 31B).

Subsequently, it was considered the possibilityactivation of caspasis 8 and 9, the two
caspasis that are first activated during the esirirand intrinsic pathway of apoptosis,
respectively. Also in this case, neither caspasidg 32A) nor caspase 9 (fig. 32B)

activations were recorded after 4, 8 and 24 h exyeo® the toxin (10" — 10° M).
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Fig. 31. PLTX effect on caspasis 3/7 activatigh) Cells were exposed to PLTX for 4, 8 and

24 h and the activation of

caspasis 3/7 evaluadtsorimetrically. (B) Cells were exposed to

PLTX for 1 h and then for increasing recovery timtervals (3, 7 and 23 h) in toxin-free

medium before evaluating

caspasis 3/7 activatioatalare reported as % of positive control

(camptothecin 1@M) and are the mean + SEM of 3 experiments perfdrmeuadruplicate.
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Fig. 32. PLTX effect on caspase(8) and caspase €B) activations. Cells were exposed to
PLTX for 4, 8 and 24 h and the activation of caspa&valuated fluorimetrically. Data are
reported as % of positive control (camptothecin ;Aa) and are the mean =+ SEM of 3
experiments performed in quadruplicate.

Finally, apoptosis occurrence was evaluated by uomees apoptotic bodies formation. Cells
were exposed to the toxin for 4 and 8 h before eiusfaining with 1pg/mL DAPI and

immunocytotchemical analysis was then performediugrescence microscopy. In figure 33
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the effect of 4 and 8 h exposure to 1.0%00 and 1.0x18 M PLTX are shown. With respect
to the untreated controls, formation of apoptobdibs was almost undetectable, but nuclear

morphological alterations such as fragmentatiomssavelling of the nuclei were observed.

1"nM8h ™

20 pm

Fig. 33. PLTX effect on apoptotic bodies formation. Cellsevexposed to 1.0xToM and
1.0x10° M PLTX for 4 and 8 h. Apoptotic bodies were evidaby immunocytochemical
analysis performed by an epifluorescence microsaiper nuclei staining with DAPI. As a
positive control, cells were exposed to 1.0x10-8akhptothecin.
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4.10.2 Palytoxin induces a necrotic-like cell death

Necrosis occurrence was initially evaluated by meag the amount of propidium iodide
(P1) inside cells. Pl is a membrane impermeableemdé, that can enter into the cells only

after membrane disruption; hence, it is and indinmgex of a necrotic-like cell death.

Cells were exposed for increasing time intervalagto 24 h) to PLTX (1.0xlbl— 1.0x10’

M) and the % of PI uptake with respect to the pasicontrol (Triton-X 0.1%) was measured.
As shown in figure 34, the toxin induced a concatin-dependent uptake of Pl already after
1 h exposure, that was equal to 100% in cells esgpos 1.0x10 M PLTX. The amount of PI
inside the cells increased also in a time-dependemner, reaching 100% of uptake after 24

h exposure to all the concentrations of toxin cdasad.
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Fig. 34. PLTX effects on necrotic cell death: Pl uptakelelere exposed for 1 up to 24 h to
PLTX (1.0x1(3‘l — 1.0x10 M) and the amount of PI inside the cells evaluated
fluorimetrically. Data are reported as % of Pl uptwith respect to positive control (Triton-
X 0.1%, equal to 100% lysed cells) and are the mea8EM of 4 experiments performed in
quintuplicate.
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Fig. 35. Irreversibility of PLTX-induced necrotic damag@) Cells were exposed for 1 to
PLTX followed by 1 h of recovery time in toxin-fr@eedium and the amount of Pl inside the
cells compared to that induced exposing the cellh¢ toxin for 1 h(B) Cells were exposed
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for 1 to PLTX followed by 3 h of recovery time axih-free medium and the amount of Pl
inside the cells compared to that induced expodirggcells to the toxin for 4 KC) Cells
were exposed for 1 to PLTX followed by 7 h of recpwime in toxin-free medium and the
amount of Pl inside the cells compared to that aetlexposing the cells to the toxin for 8 h.
Data are reported as % of Pl uptake with respeqtdsitive control (Triton-X 0.1%, equal to
100% lysed cells) and are the means + SEM of 4rerpats performed in quintuplicate.

In order to evaluate whether the necrotic damadgdad by PLTX was reversible, recovery
experiments were performed exposing the cells eotolin (1.0x10" — 1.0x10” M) for 1 h
followed by increasing recovery periods (1, 3 ant) 7n toxin-free medium. In figure 35 the
amount of Pl inside the cells measured exposingéehle under the three recovery conditions
are compared to those obtained after the correspgidntinuative toxin exposure. Indeed,
the entity of Pl uptake measured after exposuréhefcells to PLTX for 1 h or for 1 h
followed by 1 h recovery time (fig. 35A), that obted after 4 h exposure or after 1 h
followed by 3 h recovery time (fig. 35B), as wedl ihat obtained exposing the cells to PLTX
for 8 h or for 1 h followed by 7 h recovery timdag(f35C) did not significanly differ,

indicating the irreversibility of the damage.

Occurrence of necrotic-like cell death was evalliaso by monitoring plasma membrane
integrity by immunocytochemical analysis perforntsdconfocal microscopy. In figure 36,

panel A shows membrane damages and morphologicaiges observed exposing HaCaT
cells for 4 and 8 h to 1.0xIOM and 1.0x13 M PLTX. Plasma membrane rupture was
observed after 4 h exposure to 1.0%1@ PLTX, with subsequent leakage of cytoplasmic
material after 8 h exposure. The membrane damamugsttee consequent loss of cellular
content along with a complete destruction of calluhorphology were more evident after 8 h
exposure to PLTX and were confirmed by cytofluotineeanalysis after Pl and FITC

staining of the cells (fig. 36B). With respect teetuntreated controls, after 8 h exposure,

1.0x10° M and 1.0x13 M PLTX induced a reduction of protein content ietcells (FITC
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fluorescence) and a significant alteration of dalumorphology (FITC and Pl combined

fluorescence).
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Fig. 36. PLTX effects on cell morphology. (A) Cells wereosen to 1.0xI®M and 1.0x18

M PLTX for 4 and 8 h and after membrane staininti wo0* M DiL morphological analysis
performed by confocal microscopy. (B) Morphologiahérations induced by 8 h exposure to
1.0x10° M and 1.0x13 M PLTX evaluated by cytofluorimetric analysis aftell staining

with 10xg/mL PI, 0.05/mL FITC and 4@g/mL RNAse.
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4.11 Effects of palytoxin on inflammatory mediators

To investigate the possibility that PLTX could imguan inflammatory response on HaCaT
cells, the effect of toxin exposure on the generesgion and release of some pro-
inflammatory cytokines (IL-6, IL-8, cIL-d and TNFe) and of some inflammatory mediators

involved in the metabolism of arachidonic acid (R@id LTB,) was investigated.

4.11.1 Effects of palytoxin on pro-inflammatory cybkines

The effect of PLTX on pro-inflammatory cytokinesshideen investigated considering 1L-8,
IL-6, IL-1a and TNFe evaluating the effect on their gene expressionsealsas the effect on

their release by the cells.

Panel A of figure 37 shows the effect of 1, 2, 2,ahd 24 h exposure to 1.0XtaM PLTX
on gene expressions of these cytokines. After exea® the toxin, total RNA was extracted,
retrotranscripted to cDNA and real time PCR analpsirformed using specific primers. The
maximum enhancement of expression of the genesdergdor IL-8 (2.3+£0.2 folds), IL-6
(5.7+1.3 folds) and TNFe-(6.3+£2.2 folds) were recorded after 1 h exposwtele no changes
were observed considering lleelFigure 37B shows the effects of 1 h exposurdgotoxin
on the same genes followed by recovery times 8f 11 and 23 h in toxin-free medium. Also
under these conditions, the highest over expressiogenes encoding for IL-8 and IL-6
occurred after short exposure times, resultingpeesvely, in 2.7£0.4 and 8.7+£2.1 folds
increase after 1h followed by 1h recovery time. Sidering TNFe upregulation of the
corresponding gene occurred within the intermediai@osure conditions, such as 1h
followed by 3h (4.5+£0.9 folds) and 11h (4.6x1.2d®) of recovery time. Finally, similarly to
the continuative exposure, also under recovery itiond no difference were recorded for IL-

lo.
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Fig. 37. Effects of PLTX on IL-8, IL-6, ILeland TNFe gene expressiongA) Effects of
continuous exposure to PLTX on cytokines gene sxjores. Cells were exposed for
increasing time intervals (1 up to 24h) to 1.0x101 PLTX and gene expressions evaluated
by real time PCRB) Effect of recovery conditions on cytokines gemegessions. Cells were
exposed for 1 h to 1.0x1OM PLTX followed by recovery time intervals of 1ta®3 h in
toxin-free medium an gene expressions evaluateeédlytime PCR. Statistical differences:

p < 0.05 (Student t-test).
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However, evaluating the release of these cytokine&LISA tests, it was found that these
early gene over-expressions were not accompaniedrblease of the corresponding cytokine
by the cells. Indeed, exposing the cells to 1.0x101 PLTX for the same time intervals
considered for the gene expression analysis, agéskrelease occurred only after longer
exposure times (24 h and 1h + 23 h of recovery)tiaeleast considering IL-8 and IL-6 (fig.
38). In particular, 24 h exposure induced a relaH#s£65+120 ng/mL IL-8 (p < 0.05), that
represents an increase of more than 3 folds wispaet to untreated controls (150+40
ng/mL). Moreover, the highest release of IL-8 (698t g/mL, p < 0.01) was recorded after 1

h toxin exposure followed by 23 h of recovery timgh an increase of 4.6 folds.
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Fig. 38. Effects of PLTX on cytokines (IL-8, IL-6, Ik--and TNFx) release. Cells were
exposed to 1.0xX8 M PLTX for different time intervals: continuatiegposure (2 up to 24 h)
as well as recovery conditions (1 h exposure falbwy increasing recovery times in toxin-
free medium). Cell culture medium was then coltketed assayed by ELISA test. Data are
presented as ng/mL of cytokine released by the esld are the mean + SEM of three
independent experiments performed in duplicate.

The same situation occurred considering IL-6. Ind&d h exposure to the toxin, induced a

release of 348 ng/mL IL-6 (p < 0.05), with an increase of ovefolds with respect to the
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untreated controls (71 ng/mL). Also under the espronding recovery condition (1 h of
PLTX exposure followed by 23 h of recovery time)@lrelease was enhanced to 24+3 ng/mL

(p < 0.01), with an increase of more than 3 folds.

On the contrary, no effects on the release of dLahd TNF were observed at all the

exposure condition tested (fig. 38).

4.11.2 Effects of palytoxin on PGEand LTB,

The effect of PLTX at the inflammatory level wasenhevaluated considering P& Bnd
LTB,, products of arachidonic acid metabolism in reggoto inflammatory stimuli. The
same culture medium used to evaluated the reldgseeanflammatory cytokines were used
to measure the amount of PG&hd LTB, released by the cells. Indeed, considering R GE
was found that 1.0xI8 M PLTX induced a significant release with respcthe untreated
control starting after 2 h exposure. The releass tirae-dependent, at least up to 24 h
exposure. On the contrary, no effect were obseafet recovery periods of 1 up to 23 h in
toxin-free medium indicating that PGEelease is a direct effect of the toxin and tresdnot

require a recover of the damage (fig. 39).

By contrast, evaluating LTBthe release of this mediator was not detectallieating that it

is not involved in PLT X-induced skin inflammatiodata not shown).
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Fig. 39. Effects of PLTX on PGHelease. Cells were exposed to 1.0¥18 PLTX for
different time intervals: continuative exposureuf2to 24 h;e ) as well as recovery conditions
(1 h exposure followed by increasing recovery time®xin-free medium@ ). Cell culture
medium was then collected and assayed by ELISAatt are presented as ng/mL of PGE
released by the cells and are the mean + SEM aetlimdependent experiments performed in

duplicate.
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Discussion

Despite the increasing cases of dermatitis ascrimed®LTX skin contact (Deeds and
Schwartz, 2010; Durando et al., 2007; Gallitelrgonal communication; Hoffmann et al.,
2008; Nordt et al., 2009; Tichadou et al., 201@)lelis known about its cutaneous toxicity
and the mechanisms involved in its toxic activifyctually, the only study that investigated
the ability of PLTX to induce skin irritation wasrcied out by Fujiki et al. in 1986. In this
paper, PLTX was defined as a non-PMA tumour promabel a skin irritant on the basis of
its ability to cause ears erythema in mice afteh2sf treatment with an Efg of 0.02ug/ear

(dose of PLTX causing reddening in 50 % of theteeanice).

With the aim to deeper investigate the effects loF)P on epidermal cells, thig vitro study

was carried out using HaCaT keratinocytes. HaCdTirre is considered a predictive model
for evaluating skin toxicity and an ideal model fost-round screening of dermotoxic agents
(Gibbs, 2009) due to its momphological and funcilgproperties that are similar to those of

normal keratinocytes (Boukamp et al, 1988).

To obtain a characterization of the mechanism of ¥dinduced irritation as nearly complete

as possible, the study has taken into accountifiquortant aspects:

« PLTX-induced cytotoxic effects: PLTX toxic propesi on HaCaT cells have been
evaluated and characterized identifying the sequefndntracellular events that leads

to cell death.

+ PLTX-induced oxidative stress: since a possibleacgllular pathway involved in
PLTX-mediated cytotoxicity could be the ability tfie toxin to induce oxidative
stress, the ROS species involved and the mechar$rtiseir production has been

investigated.

« PLTX-induced cell death: the type of cell deathcfosisvs apoptosis) induced by the

toxin has been investigated along with the undegynechanisms.
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« PLTX-induced pro-inflammatory effects: the abiliof PLTX to induce the synthesis
and/or the release of pro-inflammatory mediatorshsas cytokines and arachidonic
acid metabolism products has been finally evaluaked mechanism by which PLTX

can induce dermatological lesions.

5.1 Characterization of palytoxin cytotoxicity

Cytotoxicity of PLTX in HaCaT cells was investigdtdy three methods that evaluate
different end points: the MTT reduction assay, tim@asures the dehydrogenases activity in
mitochondria, the SRB assay, that indicates caikitlg through to the amount of adherent
cells and, finally, the LDH release, a cytoplasmnzyme that indicates plasma membrane

rupture.

Firstly, we investigated the relationship betweddl'R concentrations and its cytotoxic
effects. The MTT assay showed that PLTX decreakedntitochondrial activity in HaCaT
cells with an EG, value of 6.1+1.3x16" M after 4 h exposure. Basing on this result it
appears that HaCaT cells are slightly more sersiovPLT X than Neuro-2a cells (Ledreux et
al., 2009) and the neuroblastoma cell line NG108cl&fiete and Diogene, 2008), previously
tested by the MTT assay. The concentration-dep @ydefithe cytotoxic effect of PLTX was
confirmed by SRB assay (Eg&of 4.7+0.9x10" M) and by evaluating the release of LDH
(ECsp of 1.8+0.1x10° M) after 4 h contact. Concentration- and time-defeat release of
LDH induced by PLTX has been also demonstrated tberocell lines such as the human
neuroblastoma BE(2)-M17 cell line (Valverde et &Q008a), the human adenocarcinoma
Caco-2 cells (Valverde et al., 2008b) and the breascer MCF7 cell line (Bellocci et al,

2008).

The different EGyvalues found in our experiments with the threeyssathin the same time

of exposure, reflect the degree of the damage edlby PLTX, on the basis of the evaluated
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end points. Indeed, within 4 h exposure, rupturthefplasma membrane, with a consequent
leakage of LDH, was found at PLTX concentrationstive nanomolar range, whereas
reduction of cell mass was observed at 50 timesidosoncentrations. However, the most
sensitive target appeared to be the mitochondrachwactivity was affected by picomolar
concentrations of PLTX. Onthe whole, these ressuiggest that mitochondrial dysfunction is
one of the earliest event among the chain of cellalterations that takes place after PLTX

exposure.

Regarding the time-dependency of PLTX effect on &RCells, time course analysis by SRB
assay demonstrated that a time of contact as abdrth and a concentration as low as 1.0x10
%M are sufficient to induce the death of 20% oftaglls. Under continuous exposure to the
toxin, 50% of cell death occurred within 5.1 h (T%n the other hand, more than 40% of cell
death was found in cells exposed for 1 h to an éweer PLTX concentration (1.0xI0 M),
followed by a recovery time of 24 h in a toxin-freeedium. Under these conditions, the T2
value decreased from 5.1 to 1.3 h. These resuffgestithat even after a short time of contact
and at very low concentrations, PLTX can cause raevarsible damage in human

keratinocytes.

This high level of cytotoxicity as well as the duionset of these effects could be explained
by a rapid interaction of the toxin with its moléutarget. Hence, experiments were carried
out to characterize PLTX binding on HaCaT cells amiture. By immunocytochemical
analysis it was possible to detect, for the firset the binding of PLTX to intact cells and the
immuno co-localization analysis suggested that PLEiXding sites are expressed on cell
plasma membrane. These results are in accordaribeté notion that the primary PLTX
molecular target is the N&K*-ATPase that is located on the plasma membran eeffeinn
and Chhatwall, 1982). It has been previously deitrares] that the glycoside ouabain, a well

known blocker of NAK*-ATPase, is able to inhibit some biological aci@st of PLTX
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(Habermann and Chhatwall, 1982; Schilling et 200& Vale-Gonzalez et al., 2007; Pelin et
al., 2012) and we also found that PLTX cytotoxideefs on HaCaT cells, such as
mitochondrial dysfunction, loss of cell mass andH_Eelease, were reverted by ouabain. We
thus took advantage from the ability of ouabailcdmpete for the N&K *-ATPase in order to
characterize PLTX binding to intact HaCaT cells ¢gturation experiments. The binding of
PLTX was found to be saturable and reversible withinding constant (Kd) of 318 M.
Association experiments, carried out exposing #lls ¢to a PLTX concentration equal to the
Kd value for increasing time intervals, demonstiatteat the binding was rapid, reaching the
equilibrium after 10 minutes of exposure. On theolghthese results are in good agreement
with the quick onset of PLTX effects and with thighhpotency of the toxin in determining
cytotoxicity, the mitochondrial dysfunction beinget earliest and most sensitive target

involved in cellular damage.

5.2 The mitochondrial-mediated oxidative stress isnly partially involved in palytoxin

cytotoxicity

Mitochondrial membrane depolarization and the cqueet reduction of mitochondrial
activity that seem to be the earliest events indiune PLTX on HaCaT cells, are strictly
related to increased production of ROS. In genevlken oxidative stress overcomes skin
antioxidant capacity, the subsequent modificatibneblular redox state leads to degenerative

processes (Wu et al., 2010).

Hence, the possible involvement of oxidative strpssduction in PLTX toxic effects has
been evaluated. Firstly, we investigated the reaadixygen species produced after exposure
to PLTX, measuring the changes of @NOO and NO levels. We found that PLTX caused
a concentration-related increase of @roduction, in accordance with data reporting the

ability of the toxin to induce superoxide anionnf@tion in human neutrophils (Gabrielson et
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al.,, 1992; Kano et al., 1987) and in human intestoells (Pelin et al., 2012), as well as to
alter DJ-1 oxidative stress response protein (8aka., 2009). By contrast, neither NO nor

ONOO- production seems to be induced by the toxin.

Subsequently, to investigate the possible mechanissuperoxide anion production, gene
and protein expressions of enzymes involved in R@seration (NOX-2, the three NOS
isoforms INOS, eNOS and nNOS, XOD and COX 1 antid)e been evaluated. Real time
PCR indicated no changes in COX-1 and COX-2 mRNAressions after PLTX exposure
from 1 up to 24h. On the contrary, XOD, NOX-2 an@ 36 mRNA levels were significantly
altered. In patrticular, the first two showed anyegene over-expression after short exposure
times (1-4 h) that returned to the baseline insthigsequent times (up to 24 h). Evaluating the
role of INOS, the analysis of mMRNA levels displaysgdearly overexpression detectable after
1 h exposure, and a delayed induction of eNOS a&h@ 3 isoforms mRNAs after longer
exposure time (12 h). Hence, the observed geneegwmssions have been tentatively
associated to an increase of the correspondingipr@vels. Indeed, western blot analysis
confirmed an early increase (1 — 4 h) of NOX-2 @&@S protein expression, whereas XO
protein expression could not be tested, since aigs against human XO are not, to our

knowledge, commercially available.

On the basis of PCR and western blot analysis,mwestigated the functional role of these
enzymes in PLT X-induced superoxide production antoxicity using selective inhibitors.
In particular, XOD and COX did not appear to beoined since the respective inhibitors
allopurinol and indomethacin were ineffective idueing PLT X-induced ©.production. The
ability of DPI, a nonspecific inhibitor of both NOAZnd NOS, to inhibit @ production and
slightly counteract mitochondrial damage, suggestpassible role of these two enzymes, in
line with PCR and western blot analysis. Howeuee, $elective inhibitor of NOX apocynin,

was ineffective in both experimental conditions, endas NMMA, inhibitor of NOS,
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significantly reduced only ©produced by high (I%)M ) but no by low (1(? and 10"°M )
PLTX concentrations. Furthermore, the simultangoresence of NMMA and apocynin did
not reproduce DPI effect on both superoxide pradacand mitochondrial activity and,
paradoxically, the co-administration was even iedif/e. Hence, a prominent role of these
enzymes in causing PLTX-induced oxidative stresamseunlikely, also considering the

modest effect of DPI on reversing PLT X-induced rolitendrial dy sfunction.

Beside NOX and NOS, DPI has been reported to inkiperoxide production induced by the
activity of the mitochondrial flavoenzy me NADH-ubigone oxidoreductase (complex I) (Li
and Trush, 1998). In the present model, rotenan@habitor of mitochondrial complex|, did
not affect PLTX-mediated superoxide production halightly reduced mitochondrial
dysfunction. The ability of PLTX to induce,Qproduction could thus be ascribed to a generic
activation of flavoenzymes, with a particular rofeNOS in inducing superoxide anion and of
complex | in mediating mitochondrial dysfunctionowmever, considering that rotenone was
unable to reduce O production and that the ability of both rotenomel eDPI to inhibit
PLTX-induced mitochondrial damage was moderatas iteasonable to believe that these

pathways are only partially involved in PLT X-inddoeytotoxicity .

An alternative, putative intracellular pathway tlean lead to superoxide production is the
sustained intracellular ionic disequilibrium thatldws PLTX binding to the NaK *-ATPase.
Indeed, @ production induced by the toxin was completelyliasbed in presence of ouabain.
It is widely accepted that the binding of PLTX tetNa/K'-ATPase causes the conversion
of the pump into a cationic pore, resulting in atrdcellular accumulation of Naand
consequent increase of intracellular’Clevels. On turn, G overload can trigger Ca
dependent intracellular events culminating in ciétress and death (Schiling et al., 2006;
Sheridan et al., 2005; Ares et al., 2005). Howevmracellular N& increase has been

demonstrated to be directly responsible for PLT Xdiateed cell toxicity (Dubois and Cohen,
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1977; Muramatsu et al., 1984; Sheridan et al., P00% HaCaT cells we found that Na
removal from cell medium almost completely aboldheLTX-induced @ production,
impairment of mitochondrial activity and appearancg morphological changes,
notwithstanding the presence of extracellular®*Cins. These findings suggest that
intracellular N& accumulation is the first and crucial step in radig PLTX-induced early
cell damage. Regarding the role played bf@a mediating PLTX citotoxicity in HaCaT
cells, withdrawal of this ion did not prevent osden PLT X-induced superoxide production or
changes in cell morphology, suggesting a predorjraren exclusive, role of N&ons in

mediating the occurrence of these effects.

Fig. 40. Proposed mechanism for PLTX induced superoxidengmioduction. PLTX binding
to Na/K'-ATPase (NAKA) induces intracellular overload of "Né&l) followed by
intracellular increase of Fiby reverse functioning of Nidd™ exchanger (NHE, 2). This ionic
imbalance may reverse the mitochondrial "R exchanger activity (MNHE, 3), with
consequent increase dfpH across H-impermeable mitochondrial inner membrane and
overproduction of superoxide anion by reverse eectransports through complex Il (4)
and complex | (5). Superoxide production is pres@nby the ionophore nigericin that
dissipatedpH and by rotenone that inhibits complex | activity
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Thus, excluding the classical %'iajependent pathway, a mitochondrial-mediated;-Na

dependent route was taken in consideration as sig@svay to induce oxidative stress.

The overload of Nainduced by the toxin has been reported to interfeith the functioning

of the Nd/H" exchanger (NHE), resulting in an intracellular foro accumulation (Rossini
and Bigiani, 2011). In a such compromised ioni@bet situation, with elevated intracellular
concentrations of Hand N& and loss of K, it is presumable that the pH gradiettpH)
through the H-impermeable mitochondrial inner membrane increa$hs situation can be
worsened by the reverse functioning of the mitochiah Na/H* exchanger (MNHE) that
under physiological conditions exchanges cytosdlicor mitochondrial N& In presence of
high cytosolic concentrations of Nathe reverse functioning of MNHE may reducé H
concentrations in mitochondrial matrix (Garciaretaal., 2008), where proton flux is strictly
controlled to maintain the correcipH across the mitochondrial inner membrane. The
increase ofApH can cause an increase of mitochondrial supezgxidbduction by reversing
electron transport within the electron chain to tNADH-ubiquinone oxidoreductase
(complex 1), as well as to the complex Ill, (Lamband Brand, 2004; Brand et al., 2004). A
cartoon depicting the proposed series of eventegported in figure 40. In presence of
nigericin, an ionophore that exchange$ for H* causing dissipation of\pH, PLTX-
dependent superoxide production was significangjuced. This last result suggests that in
this model Q@ production depends primarily on the increagpdH across the inner membrane
induced by PLTX. However, since in presence ofmmote superoxide production induced by
PLTX was not inhibited, it is possible that sup @lexformation is catalysed by complex I,
whose activity depends axpH as well (Moroney et al., 1984). Interestinglyhem nigericin
and rotenone were simultaneous administered, aggtie effect was evidenced in reducing
both ROS production and mitochondrial dysfunctiposing a link between PLTX-induced
cytotoxicity and oxidative stress. Superoxide ptaun, however, does not seem to be the

main pathway leading to cellular sufferance and egpp to be the consequence of the

- 103-



Discussion

interference with different enzymes, more likelgvibenzy mes, therimum movenseing the

ionic imbalance.

5.3 Palytoxin-mediated mitochondrial damage inducesecrotic cell death through

MPTP opening.

On the whole, the results discussed so far sugbesthe mitochondrial dysfunction driven
by the ionic imbalance due to the increase of asltalar Nd levels is the key event involved
in the mechanisms by which PLTX exerts its cytatcedfects in human skin keratinocytes.
One of the main causes of mitochondrial me mbrap®dezation, with consequent reduction
of mitochondrial activity, could be induction ofidative stress (Wu et al., 2010). However,
in HaCaT cells a prominent involvement of oxidatsteess in PLTX-induced cytotoxicity
seems to be unlikely. Indeed, oxidative stress s@erbe more a reaction to a complex stress
condition than the cause of cytotoxicity. Hencetliar experiments were carried out in order
to identify the intracellular pathways that leadRbTX-induced mitochondrial damage. The
results could be useful for the identification dfasegies aimed to blocking the series of

events involved in cell death and, to some extag the irritative symptoms.

In this scenario, mitochondrial damage can be chusg mitochondrial permeability
transition pore (MPTP) opening in the inner mitaatital membrane. Pore opening results in
mitochondrial dysfunction and depolarization withicaupled oxidative phosphorylation and
ATP hydrolysis, ultimately leading to cell deathayddov et al.,, 2009). Indeed, MPTP
opening induced by PLTX was found to be concerdnatand time-dependent, and, more
interestingly, occurred after an exposure timetastsas 5 minutes. The rapidity of this event,
together with the binding data suggesting a verigkgimteraction of the toxin with the cells,
indicate that MPTP opening could be the earliestnewesponsible for PLTX-induced

mitochondrial dysfunction and is supported by poasi data showing the ability of the toxin
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to induce mitochondrial depolarization in intestiaad neuroblastoma cell lines (Valverde et

al., 2008a, 2008b).

Hence, the mechanism of MPTP opening has beentigatsd. Up to now, three molecules
are believed to be involved in MPTP assembly: atenucleotide translocase (ANT) in the
inner membrane, cyclophillin-D (CyP-D) in the matand the voltage-dependent anion
channel (VDAC) in the outer membrane (Leung andeblaap, 2008; Javadov et al., 2009).
We thus investigated the involvement of CyP-D irdiaeng PLTX cytotoxic effects using
cyclosporine A, a well known inhibitor of MPTP foatmon by prevention of cyclophillin D
binding to the mitochondrial inner membrane (Normearal., 2010). Under these conditions,
however, PLTX-induced MPTP opening as well as nhmitoarial dysfunction were not
prevented. It has been reported that MPTP openmy the subsequent mitochondrial
dysfunction can be also mediated by the Bcl-2/adem® E1B 19-kilodalton interacting
protein (BNIP3) (Vande Velde et al., 2000). BNIB3primarily located in the mitochondria,
where it is integrated into the mitochondrial meanta. It is well documented that
overexpression of BNIP3 leads to loss of mitoch@hdnembrane potential and cell death via
MPTP opening (Imazu et al., 1999; Vande Velde et28l00; Gustafsson, 2011; Nakamura et
al.,, 2012). In the present model, a partial invioleat of BNIP3 in PLTX-induced MPTP
opening seems to be likely. Western blot analyisisact, demonstrated a slight increase in
BNIP3 protein expression after PLTX exposure widgsprect to the untreated control.
However, BNIP3 is believed to be primarily involvad mitochondria turnover via
autophagy, targeting the damaged mitochondrianbatl to be removed (Gustafsson, 2011;
Nakamura et al., 2012). Moreover, its mechanismaabibn is still a matter of debate; hence,
another possible mechanism of MPTP opening has ieestigated. MPTP opening is a
Ca€+-dependent event, but is known to be regulated ysmitochondrial F concentrations
(Bernardi et al., 1992). Accordingly, we found tiFdfT X-induced MPTP opening was totally

abolished in C3-free medium and partially reduced in presenceigdritin, that can inhibit
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H* imbalance. Quite interestingly, however, MPTP dpgmwas inhibited also in Né&free
medium, and to the same extend as ifi @&e medium. These results suggest once more that
in the HaCaT cell model Nambalance is the critical step in PLTX-mediatedatpxicity. In

skin keratinocytes, ion fluxes are strictly conedl Among all, NHE regulates protonic
balance (Sarangarajan et al., 2001; Behne et G02)2and epithelial Nachannel (ENaC)
(Brouard et al., 1999; Guitard et al., 2004) are ost important Naregulators in the skin.
However, a feasible role for these cationic tramsy® seems to be excluded since their
blockade did not result in a reduction of PLTX effe From these data it has been possible to
conclude that MPTP opening and, therefore, mitodhahdy sfunction, could be considered
as passive cellular reaction to the sustained iam@lance induced by the toxin, rather than a
biochemical controlled response. It seems likehdeed, that within a very short exposure
time the huge overload of Nand the subsequent supply of water may inducechitadria
swelling up to mitochondrial membrane disruptionowéver, further experiments are

required to demonstrate this hypothesis.

It is well known that one of the major consequerafesiitochondrial dysfunction and MPTP
opening (collapse of the mitochondrial inner traasrorane potential, uncoupling of the
respiratory chain, hyperproduction of superoxidem@s) could be the induction of cell death
via an apoptotic process (Javadov and Karmazyn?)2@n the other hand, MPTP opening
seems to induce mainly necrotic cell death (Leund Blalestrap, 2008). In conclusion,
however, the outcome of apoptosis or necrosis disaweell survival can be determined by
the intensity of the insult (Ziegler and Groscur2804). The observed delay in S and G2M
phases induced by PLTX can be interpreted, foramts, only as the blockade of the cell
cycle in order to restore mitochondrial functiotiei. These observations are in line with a
previous study carried out on the intestinal Cacte® line concluding that the effects of
PLTX were very unspecific, inducing both a primargcrosis and a secondary apoptosis

(Valverde et al., 2008b). In the present model, évsv, apoptosis seems to be not induced by
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PLTX. With this aim caspasis 3/7 (the last caspasis/ated during the apoptotic process),
caspasis 8 (the first activated within the extanséthway) and caspasis 9 (the first activated
during the intrinsic pathaway) (Ashkenazi and Her908) have been evaluated. None of
these caspasis was found to be induced by the, togither under recovery conditions that
reduced the entity of the insult and may give niomee to the cell to recover from the
damage. Similarly, no apoptotic bodies formationsweecorded. On the contrary,
morphological changes showing a necrotic-like fragration of nuclei were observed. By
contrast, the observed concentration- and time-ddgre uptake of PIl, reaching 100% of
uptake already after only 1 h exposure, clearly afestrates necrosis occurrence. Indeed, it is
widely known that Pl is a membrane-impermeable mdéethat can enter into the cells only
after membrane rupture, a feature of necrotic-lledl death. On the other hand, some
indications of necrosis appearance were alreadgndoy the concentration-dependent release
of LDH, indicating plasma membrane rupture andrdtoee, a direct marker of necrotic cell
death. Furthermore, confocal images have definitedyealed the typical morphology
alterations of necrosis after PLTX exposure. Umowv several data reported PLTX-induced
morphological changes, such as rounding of celpshaetachment from support or cell
swelling (Sheridan et al., 2005; Valverde et al0&a; 2008b; Louzao et al.,, 2011), but no
information about the nature of cell death wereegivin contrast, from the present data it has
been possible to assess dramatic cellular altesasach as membrane interruption, leakage of
the cytoplasmic content with a subsequent complestruction of cellular architecture. On
the whole, these data, that are in accordance witlecent paper demonstrating necrotic
occurrence in PC-12 cell line after PLTX expos®B8adara et al., 2011), clearly demonstrated
that independently on the concentration or the toheexposure, on HaCaT cells PLTX

induces necrosis rather than apoptosis.
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5.4 Playtoxin-dependent skin inflammation is inducd by release of pro-inflammatory

cytokines and prostaglandins.

Considering the clinical available data and thdntahemical nature, it is conceivable that
PLTX induces an irritative-based topical inflamnoatirather than an allergic response.
Recently it has been suggested a case definitidpalytoxin dermatitis”, characterized by a
maculo-papular and/or erythematous dermatitis, somee accompanied by systemic
symptoms (Tubaro et al., 2011). However, symptamatatments of “palytoxin dermatitis”
are not standardized and involved anti-inflammataoyrticosteroids, non steroidal anti-
inflammatory drugs (NSAID), usually associatedritravenous infusion fluids. Moreover, in
view of the frequent related respiratory symptorsgeeially duringOstreopsisexposure,
these treatments are associated to a therapy ingahe use of nebulisdi}-agonists, inhaled

and systemic corticosteroids together with oxy ¢mrapy (Tubaro et al., 2011).

Understanding the nature of skin inflammation cobkl extremely useful for the correct
pharmacological treatment of the symptoms. As destrabove, Fujiki et al. (1986) defined
the skin irritant properties of PLTX. Irritant caat dermatitis (ICD) is a non-immunological,
local inflammatory skin reaction localised in epité& in response to irritant chemical
exposure (Welss et al., 2004), which initiation anoddulation consist mainly in generation of

cytokines.

Thus, to characterize PLTX skin irritation four tiie most important pro-inflammatory
cytokines have taken in consideration: the skinlmafmmation promoter ILd, the
inflammation acute phase mediator IL-6, the chetnaettant IL-8 and TNFe, involved in the
development of skin inflammation. The present tesshow an early upregulation of IL-6,
IL-8 and TNFea genes observable yet after 1 h PLTX exposure. Wewy¢hese early gene
over-expressions were not accompanied by a retdfades corresponding cytokine from the

cells that, at least considering IL-6 and IL-8 ascafter longer exposure time (i.e. 24 h). On
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the contrary, no effects on TNk-and IL-lo release were recorded, discarding their
involvement at least in the initial phase of skinflammation. These data, anyway,
corroborate the use of anti-inflammatory corticosits to reduce gene transcription encoding
for pro-inflammatory cytokines such as IL-6 and 8L-Moreover, the evidence of the
chemoattractant IL-8 increase could suggest anhieatent of other cellular types such as
neutrophils, macrophage and dendritic cells, tloeegfsustaining the inflammatory response.
This observation implicates the necessity of furdtadies performed on these cellular model

in order to deeper investigate this aspect.

Another important pathway driving cutaneous inflagion is based on the arachidonic acid
(AA) metabolism products, such as prostaglandi@s)Pand leukotrienes (LTs) (Bickers and
Athar, 2006). In this contest, high level of PQ®/elss et al., 2004) and LT,BRuzicka et al.,
1986) has been found to be released after irritatoreover, LTB is one of the most potent
chemoattractant agents for polymorphonuclear ¢Blisck et al. 1985). Hence, the attention
has been focused on these mediators. The toxircaésda time-dependent release of PGE
from the cells, starting after 2 h exposure. Ondir@rary, in the present model LT ®&as not
detectable. This results justify the use of NSAIBspecially in the early phases of
inflammation. This observation is also supportedlioy fact that under recovery conditions
PGE release was comparable to the untreated contsalggesting that this mediator is
probably involved in the induction of the inflamroat reaction and not in the maintenance of

the response.

On the whole, these results suggest that an iteebréherapy based on the use of
corticosteroids and NSAID could be useful to redtloe inflammatory symptoms that have
been observed at the skin level after contact WitlX. However, a more complete study

based on different cells (i.e dendritic cells, Liaggns cells, or neutrophils) known to be
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involved in the initiation and modulation of skimflammation is required. Further

experiments are in progress to fulfil this aspect.
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Conclusions

Clinical cases of poisonings after cutaneous exEoUPLT X duringdstreopsidblooms and
after handling toxic zoanthids are well known antbhably underestimated in number.
Despie the increasing cases of dermatitis asctib€?l. T X skin contact, little is known about
its cutaneous toxicity and the related mechanisemde, thisn vitro study was carried out on
HaCaT skin keratinocytes with the aim to charagteePLTX skin toxicity. The main results
can be summarize as follows. The remarkable cyimffiect of PLTX on HaCaT cells can
be explained by the high affinity of binding obseatvin the order of 18 ™ only after 10
minutes exposure. In line with this result, PLTXemg its cytotoxicity in the pico —
nanomolar range after short time exposure and mtedria turned out to be the most
sensitive intracellular target of the toxin. Indeatdtochondria seems to be the main actor of
PLTX activity through a very quick opening of MPTiluced after only 5 minutes by the
ionic imbalance, driven mainly by the massive irgtilar overload of Na This effect is
explained by the peculiar mechanism of action eftthxin: the binding to the N&K*-ATPase
and its subsequent transformation in a unspeddioicic channel. The compromised ionic
balance and the reversed ionic fluxes through rdndria induce oxidative stress with huge
production of superoxide anion by the cells in mwsge to the insult. In this scenario, the
sustained MPTP opening together with the oxidalamages induce by superoxide anion and
the elevated, abnormal Nand C4&' levels induce cell swelling, plasma membrane regsu

and, ultimately, a necrotic-like cell death (fid.)4
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Fig. 41. Sequence of intracellular events leading to PLT:toed cell death. The ionic
imbalance induced by the interaction of the toxithwthe Na+/K+-ATPase increase the
intracellular level of Na+ and, therefore, of Ca2nith a consequent sustained opening of
MPTP and impairment of mitochondrial activities. As consequence, mitochondrial-
mediated ROS production increases. Ultimately, MP®Bening together with ionic
imbalance and oxidative stress induce necroticdiklkdeath occurrence.

The present results suggest a harmful potentisheftoxin after cutaneous exposure. It is
important to underline that PLTX has not always rbeguantified in water samples
concurrently with the clinical reports ascribinghetoxicity to the toxin exposure. However,
an indirect evaluation of entity of the cutaneomsosure to PLTX or PLT X-like compounds
can be extrapolated fronOstreopsis cells density recorded in the Mediterranean sea
concomitantly to the dermatitis cases. Indeed,mabplankton samples, as well as cultu@d
ovatacells collected along Genoa coasts during 20052806 toxic outbreaks, revealed the

presence of a putative PLTX (PLTX) and ova-a atceatrations of 0.55 and 3.85x10
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g/cell, respectively (Ciminiello et al., 2006; 2Q0B1oreover, Guerrini and co-workers (2010)
guantified at the end of the stationary phase @tieed O. ovatacollected along Tyrrhenian
coasts in August 2006, 1.90x10 gicell of PLTX and 3.27xI8" glcell of ova-a,
corresponding to 8.69x10g/L and 1.92x18 g/L culture medium, respectively. Even if a
prevalence of ova-a was found, the concentratioreleased PLTXs in the water (6.133?10
g/L of PLTX and 6.12x10 g/L of ova-a) was one-two orders of magnitude éidian the
lowest EGq value we found after 4 h exposure (6.I§&L(M obtained by the MTT assay,
equal to 1.63x10 g/L), making feasible a correlation between theesbed effectdn vitro

and the dermatological problems observed dutingvatablooms.

Finally, to fill another important gap in literagyrthe effects of PLTX on some pro-
inflammatory mediators have been evaluated. Thly eatease of PGEtogether with a

delayed release of IL-6 and IL-8, probably invohiedhe development of the inflammation,
let us to suggest a therapy that combines NSAIQxhat very initial phase and anti-

inflammatory corticosteroids.

On the whole, these results give new and almostptsim insights regarding PLTX
intracellular pathway leading to cell death and auationale for the treatment by the sanitary

authorities of the so called “palytoxin dermatitis”
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