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Palytoxin (PLTX) is one of the most harmful marine toxins known so far. Although the ingestion of con-

taminated seafood is the most dangerous exposure route for humans, cutaneous and inhalational

exposures are far more frequent, and can cause strong inflammatory reactions. However, little is known

about the inflammatory events that follow the cutaneous exposure to the toxin. In this study, we investi-

gated (1) the effects of both short (2 h) and long (24 h) term exposures of HaCaT keratinocytes to a sub-

cytotoxic PLTX concentration on pro-inflammatory mediator gene expression and release and (2) the

effect of PLTX-conditioned HaCaT cell media on undifferentiated (monocytes) and differentiated (macro-

phages; immature dendritic cells, iDCs; mature dendritic cells, mDCs) THP-1 cells. At 10−11 M, PLTX

induced interleukin (IL)-6 and IL-8 release from HaCaT keratinocytes after 24 h of continuous exposure

to the toxin, as well as after 23 h in toxin-free medium preceded by 1 h exposure to PLTX. Under the

same experimental conditions, release of the inflammatory mediators prostaglandin-E2 and histamine was

also found after both short and long exposures to the toxin. The conditioned media collected from

HaCaT cells treated with PLTX increased the migration of the differentiated and undifferentiated THP-1

cells (potency rank order: monocytes ≥ iDCs > mDCs > macrophages) but did not induce cell differen-

tiation. These results indicate that keratinocytes can be actively involved in the recruitment of inflamma-

tory cells in response to cutaneous contact with PLTX. The lack of a significant effect on monocyte

differentiation towards mature immune cells suggests that PLTX is endowed with irritant rather than sensi-

tizing properties.

Introduction

Palytoxin (PLTX), one of the most toxic natural non-protein-
aceous compounds, has been identified in several marine
organisms, including Palythoa corals (usually used as home-
aquaria decorative elements), Ostreopsis dinoflagellates (fre-
quently blooming in temperate seas in the last years) and Tri-
chodesmium marine cyanobacteria.1–4

Human poisonings ascribed to PLTX exposure are com-
monly associated with three exposure routes: (i) oral exposure,
after ingestion of contaminated seafood; (ii) inhalational
exposure to marine aerosol during Ostreopsis blooms or
vapours from Palythoa boiling during aquaria cleaning, and
(iii) cutaneous exposure, after direct contact with seawater

during Ostreopsis blooms or by Palythoa coral handling.4

Despite the fact that oral intake is the most harmful and even
lethal exposure route, foodborne poisonings ascribed to PLTXs
have been limited to tropical areas, so far, where low number
of cases had been confirmed by the direct toxin detection in
the leftovers. On the other hand, cutaneous and inhalational
exposures to PLTXs cause the major number of poisonings,
particularly in temperate areas. Several forms of toxic
responses, mainly rhinorrhea, cough, respiratory distress,
fever, conjunctivitis and dermatitis, have been reported during
Ostreopsis blooms along both Italian and French coasts.4–7

Durando et al. estimated that erythematous dermatitis rep-
resented 5% of the recorded reactions in the 228 patients hos-
pitalized during the Ostreopsis blooms in Genoa (Italy) during
2005–2006.6 However, this incidence could be significantly
underestimated since dermatitis does not always require hos-
pitalization and the skin lesions could be frequently ascribed
to a different aetiology. Furthermore, the “French Mediterra-
nean Coast Ostreopsis Surveillance Network” (operating along
the French Mediterranean and Monaco coasts from 2006 to
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2009) reported a variability of signs and symptoms in people
exposed to Ostreopsis cf. ovata, skin irritation being the most
common and the only one even with low Ostreopsis concen-
trations in seawater.7 In addition, dermatological problems
have been recently ascribed to PLTX after handling Palythoa-
containing home aquaria.2,5,7–10 The skin lesions suggest that
the toxin induces a strong inflammatory reaction, activating
pro-inflammatory signaling pathways which involve inflamma-
tory/immune cells.11

Hence, this study was aimed to investigate a series of
inflammatory events induced by PLTX at the skin level. For
ethical reasons, to avoid the use of animals in compliance
with the EU Directive 2010/63/EU based on the Three Rs prin-
ciple, experiments were performed on human HaCaT keratino-
cytes as a surrogate of the skin first-line of defense12 and
undifferentiated or differentiated THP-1 cells as surrogates of
human inflammatory/immunity cells.

Materials and methods
Cell cultures

HaCaT cells were purchased from Cell Line Service (DKFZ,
Eppelheim, Germany) and cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), 1.0 × 10−2 M L-glutamine,
1.0 × 10−4 g per mL penicillin and 1.0 × 10−4 g per mL strepto-
mycin at 37 °C under a humidified 95% air/5% CO2 atmo-
sphere. Cell passage was performed 2 days post-confluence,
once a week.

THP-1 cells were purchased from ATCC (Manassas, USA)
and cultured in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS), 1.0 × 10−2 M L-glutamine, 1.0 × 10−4 g per
mL penicillin and 1.0 × 10−4 g per mL streptomycin at 37 °C
under a humidified 95% air/5% CO2 atmosphere. Cell passage
was performed once a week. Undifferentiated THP-1 monocytes
were differentiated into macrophages by exposure to 10−7 M
phorbol-12-myristate-13-acetate (PMA) for 72 h,13,14 into imma-
ture dendritic cells (iDCs) by exposure to 100 ng per mL inter-
leukin-4 (IL-4) and a granulocyte-macrophage colony-
stimulating factor (GM-CSF) for 120 h,15 and into mature den-
dritic cells (mDCs) with 200 ng per mL IL-4, 100 ng per mL
GM-CSF, 10 ng per mL tumor necrosis factor-α (TNF-α) and
200 ng per mL ionomycin in serum-free medium for 48 h.15

Toxin exposure

PLTX from Wako Pure Chemical Industries Ltd (Osaka, Japan;
lot number WKL7151, purity > 90%) was stored at −20 °C at a
concentration of 10−5 M in 50% aqueous ethanol (v/v). HaCaT
cells were exposed for 1, 2, 4 and 24 h to 1.0 × 10−11 M PLTX
diluted in a culture medium (continuous exposure) or exposed
for 1 h to 1.0 × 10−11 M PLTX followed by 1, 3 and 23 h culture
in toxin-free media (recovery). Conditioned media were
obtained as follows: HaCaT cells were exposed for 1 h to 1.0 ×
10−11 M PLTX. Thereafter, cell media were removed, the wells
were rinsed with fresh medium and the cells were cultured in
a toxin-free medium for additional 3 or 23 h (1 h + 3 h and 1 h

+ 23 h conditioned media, respectively). Control media were
collected from HaCaT keratinocytes not exposed to the toxin
after 24 h in culture. PLTX sub-cytotoxic concentration (1.0 ×
10−11 M) and exposure conditions were chosen on the basis of
preliminary cytotoxic assays carried out on HaCaT cells.

Gene expression analysis

HaCaT cells (5 × 105) were seeded for 48 h in a 25 cm2 flask
and, after treatment, were collected and washed with ice-cold
PBS. Total RNA was extracted by using a High Pure RNA Iso-
lation kit (Roche; Milan, Italy) following manufacturer’s
instructions and then retrotranscripted by PCR using Super-
ScriptII 200U (Life Technologies; Milan, Italy). To quantify the
mRNA expression of specific genes, SYBR green real time
qPCR assay was performed by using the LightCycler techno-
logy (Roche; Mannheim, Germany) in a 20 µl PCR mixture
volume consisting of 10 µl of 2× Quantitect SYBR Green PCR
Master Mix containing HotStarTaq DNA polymerase (Qiagen;
Hilden, Germany), 400 nM of each oligonucleotide primer and
100 ng of retrotranscripted total RNA extracted from each
sample per reaction. The amplification was performed with
initial activation of HotStarTaq DNA polymerase at 95 °C for
15 min and 40 cycles in three steps: 94 °C for 10 s, 60 °C for
15 s, 72 °C for 30 s for all tested genes. Following cycling, to
ensure specificity, melting curve analysis was carried out to
verify the amplification of PCR products starting at 60 °C and
ramping to 95 °C at 0.1 °C per second. The relative quantiza-
tion was performed by using the specific standard external
curves. The normalisation was performed by parallel amplifi-
cation of β-actin gene expression, and data were calculated as
previously described16 considering 1 as the value of gene
expression of control sample not exposed to PLTX. The specific
oligo pairs to amplify genes encoding pro-inflammatory cyto-
kines (IL-6, IL-8, IL-1α and TNF-α) were chosen basing on the
literature data.17–20 All oligonucleotide pairs were from Life
Technologies (Milan, Italy).

Pro-inflammatory mediators release

The culture media of HaCaT cells used for gene expression
analyses were collected and kept at −80° C. Inflammatory
mediator release in cell media was quantified by using com-
mercial ELISA kits according to manufacturers’ instructions,
using 50 µl of cell media. In particular, interleukin (IL)-6, -8,
-1α and tumor necrosis factor (TNF)-α were quantified by
indirect sandwich ELISAs (Bender MedSystems GmbH; Milan,
Italy), while prostaglandin (PG)-E2, leukotriene (LT)-B4 and his-
tamine were quantified by competitive ELISAs (Oxford Bio-
medical Research; Milan, Italy). Absorbance (Abs) was read at
640 nm with an Automated Microplate Reader EL 311S (Bio-
Tek Instruments; Winooski, VT).

Chemotaxis

Immune cell migration was evaluated in 24-well plates using
Transwell® inserts with 8 µm pores. At the bottom of each
well, 800 μl of HaCaT cell conditioned media (control, 1 h +
3 h, 1 h + 23 h) were added. As the positive control, 800 μl per
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well of THP-1 culture medium supplemented with 1.25 × 10−12

M macrophage inflammatory protein-3α (MIP-3α; Sigma-
Aldrich; Milan, Italy) were added. THP-1 cells were differen-
tiated in 25 cm2 flasks in macrophages, iDCs and mDCs as
described above, collected and incubated with the fluorescent
probe 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiL; Sigma-Aldrich; Milan, Italy) at the concen-
tration of 10−4 M at 37 °C for 20 minutes. After washing, 2 ×
105 cells per insert were added and allowed to migrate for 4 h
at 37 °C. Fluorescence was read using a Fluorocount Micro-
plate Fluorometer (Packard, Germany) with an excitation λ =
530 nm and an emission λ = 590 nm. After 4 hours, fluo-
rescence was read in the wells (migrated cells) and in the
inserts after two washings (migrating cells).

Cell proliferation

Undifferentiated THP-1 cells (3 × 104 cells per well) were
seeded in 96-well plates and exposed to HaCaT cell con-
ditioned media (control, 1 h + 3 h, 1 h + 23 h) for increasing
time intervals up to 120 h. Twenty-two hours before the end of
treatment, [3H]-thymidine (Perkin Elmer; Milan, Italy) was
added at a final concentration of 2.5 μCi mL−1. Cells were then
collected and filtered on 96-wells MultiScreen HTS FB 1.0/
0.6 μm plates (Millipore; Milan, Italy) at a pressure of
500 mmHg. After two washes with PBS, 25 µl of the scintil-
lation liquid (OptiPhase “Super Mix”; Perkin Elmer; Milan,
Italy) were added and the sample radioactivity was determined
by using a Liquid Scintillation Analyzer (Wallac 1450
Microbeta liquid scintillation counter; Perkin Elmer; Milan,
Italy). Raw counts per minute (cpm) data were normalized as
% proliferation compared to controls (100% proliferation).

Cell adhesion

Undifferentiated THP-1 cells were fluorometrically marked
with the DiL probe as described above and seeded in 24-well
plates at a density of 2 × 105 cells per well. Cells were then
exposed for increasing time intervals up to 120 h to HaCaT cell
conditioned media (control, 1 h + 3 h, 1 h + 23 h). After treat-
ment, fluorescence was read before (total cells) and after two
washes with PBS to measure the residual fluorescence (adher-
ent cells) using a Fluorocount Microplate Fluorometer
(Packard, Germany) with an excitation λ = 530 nm and an
emission λ = 590 nm.

Phenotypic analysis

THP-1 cell differentiation was evaluated by the expression of
specific differentiation markers (CD14, CD54, CD86 e
HLA-DR). Cells (5 × 105 cells per flask) were seeded in 25 cm2

flasks and exposed to the HaCaT cell conditioned media
(control, 1 h + 3 h, 1 h + 23 h) for increasing time intervals up
to 120 h. At the end of treatment, cells were collected, washed
with PBS and suspended in PBS containing 1% BSA at a final
density of 1 × 107 cells per mL in which 5 µl of each of the
fluorescein isothiocyanate-conjugated murine IgG antibodies
(Life Technologies; Milan, Italy) targeting the considered
markers were added. Cells were incubated with antibodies at

4° C for 30 minutes and subsequently fixed with 1 mL of 4%
paraformaldehyde for 30 minutes. Cells were then washed
with 5 mL of PBS containing 1% BSA (PBS/BSA 1%) and the
pellet was suspended in 600 µl of 1% PBS/BSA. The acqui-
sitions were performed by flow cytometry (FACScan; Becton-
Dickinson; Milan, Italy) and the data, acquired as listmode
files, were analyzed with the FlowJo software.

Statistical analysis

The results are presented as the mean ± SE of at least three
independent experiments. Cell proliferation data are presented
as % with respect to the untreated control cells (100% prolifer-
ation) and were analyzed by two-way ANOVA and Bonferroni
post-test (Prism GraphPad Inc.; San Diego, CA) considering
significant differences at p < 0.05. Chemotaxis data are pre-
sented as % increase with respect to the untreated control
cells, using the following formula:

% increase ¼ððAbs treated cells� Abs untreated controlsÞ=
Abs untreated controlsÞ � 100

Chemotaxis and pro-inflammatory mediator data were ana-
lyzed by one-way ANOVA and Bonferroni post-test (Prism
GraphPad Inc.; San Diego, CA) and were considered significant
at p < 0.05.

Results
Effects of PLTX on inflammatory cytokine gene expression and
release

The effect of PLTX on pro-inflammatory cytokines was evalu-
ated as changes in IL-8, IL-6, IL-1α and TNF-α gene expressions
and in the release of the corresponding proteins. HaCaT cells
were exposed to 10−11 M PLTX for increasing time intervals (2,
4 and 24 h) or for 1 h followed by 1, 3 and 23 h culture in
PLTX-free medium (recovery conditions).

After continuous exposure to the toxin, a significant change
in the expression of the genes encoding for IL-6 (2.7-fold
increase) and TNF-α (3.5-fold increase) was observed at 2 h,
whereas no significant variations were observed for IL-8 and
IL-1α mRNA expressions (Fig. 1A). After 24 h exposure, only
TNF-α expression was significantly increased (2.7-fold). Under
recovery conditions, the expression of genes encoding for IL-6
and IL-8 increased 8.7- and 2.7-fold, respectively, after 2 h (1 h
PLTX exposure + 1 h in toxin-free medium), whereas TNF-α
gene expression increased 4.5-fold after 4 h (1 h PLTX exposure
+ 3 h in toxin-free medium; Fig. 1B). Again, no significant
changes were found in IL-1α gene expression.

The release of cytokines was evaluated under the same
experimental conditions. A significant release of IL-6 and IL-8
was observed after 24 h of continuous exposure to PLTX (3.4-
and 2.1-fold increase compared to untreated controls, respect-
ively; see Fig. 1C). Similar results were obtained after 1 h
exposure to the toxin followed by 23 h culture in toxin-free
medium: 3.6- and 2.4-fold increase for IL-8 and IL-6 compared
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to the untreated controls, respectively (Fig. 1D). The IL-1α and
TNF-α levels were unchanged (Fig. 1D).

Effects of PLTX on histamine and eicosanoids release

The effect of 1.0 × 10−11 M PLTX on histamine, PGE2, and LTB4

release was then investigated. Continuous exposure of HaCaT
cells to PLTX for 2, 4 or 24 h induced a significant time-depen-
dent increase of histamine and PGE2 release (Fig. 2, panel A),
whereas the release of LTB4 was not affected (data not shown).

Under recovery conditions (1 h exposure to the toxin followed
by incubation in toxin-free medium for 1, 3 or 23 h), only his-
tamine release increased time-dependently, with no effects on
PGE2 (Fig. 2B) or LTB4 (data not shown).

Effect of PLTX-conditioned media on the chemotaxis of
THP-1 cells

Undifferentiated (monocytes) and differentiated (macro-
phages, iDCs and mDCs) THP-1 cells were exposed for

Fig. 1 Effects of PLTX on IL-8, IL-6, IL-1α and TNF-α gene expressions (A and B) and protein release in cell media (C and D). Cells were exposed to
1.0 × 10−11 M PLTX for 2, 4 and 24 h (panels A and C) or to 1 h exposure to 1.0 × 10−11 M PLTX followed by 1, 3 and 23 h culture in toxin-free medium
(panels B and D). Gene expression data are expressed as the fold change with respect to the untreated sample specific mRNA considered as 1 (Kim
et al. 2001)16 whereas protein release is expressed as ng mL−1 of each analyte released in cell media on the basis of the respective calibration curves
and are the mean ± SE of three independent experiments performed in duplicate. Statistical differences: *, p < 0.05; **, p < 0.01 (one-way ANOVA).

Fig. 2 Effects of PLTX on histamine and PGE2 release after continuous exposure to 1.0 × 10−11 M PLTX for 2, 4 and 24 h (A) or to 1 h exposure to 1.0
× 10−11 M PLTX followed by 1, 3 and 23 h culture in toxin-free medium (B). Data are presented as ng mL−1 of each analyte released in cell media and
are the mean ± SE of three independent experiments performed in duplicate. Statistical differences: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (one-way
ANOVA).
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4 h to conditioned media collected from HaCaT cells 3
and 23 h after a 1 h-treatment with 1.0 × 10−11 M PLTX.
The effect of the treatment was evaluated considering
the sum of both migrated and migrating cells. The control
cells were exposed to media collected from untreated HaCaT
cells.

HaCaT cell conditioned media stimulated the chemotaxis
of both undifferentiated and differentiated THP-1 cells. Com-
pared to control cells, the total migration of monocytes

increased, according to the time of conditioning (28% and
72% at 3 and 23 h of recovery, respectively; Fig. 3A). The con-
ditioned media increased the migration of macrophages (9%
and 14% at 3 and 23 h of recovery, respectively; Fig. 3B), iDCs
(44% and 72% at 3 and 23 h of recovery, respectively; Fig. 3C)
and mDCs (28% and 54% at 3 and 23 h of recovery, respect-
ively; Fig. 3D). The positive control MIP-3α (1.25 × 10−12 M)
induced 16–133% increase of cell migration, the effect depend-
ing on the cell model.

Fig. 3 Effects of PLTX-treated HaCaT conditioned media on monocytes (A), macrophages (B), immature dendritic cells, iDC (C) and mature dendri-
tic cells, mDC (D) migration. Cells were exposed for 4 h to HaCaT conditioned media (1 h exposure to 1.0 × 10−11 M PLTX followed by 3 and 23 h
culture in toxin-free medium) and chemotaxis evaluated fluorometrically. MIP-3α (1.25 × 10−12 M) was used as the positive control. Data are pre-
sented as % increase of chemotaxis of migrated and migrating cells with respect to the untreated controls and are the mean ± SE of 3 independent
experiments performed in duplicate. Statistical differences vs. untreated controls: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (one-way ANOVA and Bon-
ferroni post-test).

Fig. 4 Effects of PLTX-treated HaCaT conditioned media on monocyte proliferation (A) and adhesion (B). Cells were exposed for increasing time
intervals up to 120 h to HaCaT conditioned media (1 h exposure to 1.0 × 10−11 M PLTX followed by 3 and 23 h culture in toxin-free medium). The
results are presented as % of proliferation with respect to untreated controls (100% proliferation, panel A) or % of adherent cells with respect to total
cells (panel B) and are the mean ± SE of 6 and 3 experiments performed in triplicate, respectively.
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Effect of PLTX-conditioned media on THP-1 cell
differentiation

Differentiation of THP-1 cells (monocytes) was evaluated after
exposure to conditioned media obtained as described above by
means of cell proliferation, cell adhesion and expression of
specific surface differentiation markers.

As shown in Fig. 4, the conditioned media did not signifi-
cantly affect cell proliferation (panel A) or cell adhesion
(panel B) up to 120 h of exposure. Similarly, the expression of
the differentiation markers CD14, CD54, CD86 and HLA-DR
was not changed, but with only a slight but significant
increase in the expression of HLA-DR after exposure to the 1 h
+ 23 h-conditioned medium (Fig. 5, panel D). Positive controls
are also presented in Fig. 5, showing the changes in the
expression of differentiation markers after THP-1 cell differen-
tiation into macrophages by PMA (Fig. 5A), iDCs by IL-4/
GM-CSF (Fig. 5B) and mDCs by IL-4/GM-CSF/TNF-α/ionomycin
(Fig. 5C).

Discussion

In recent decades, PLTX-producing Ostreopsis dinoflagellates
have begun to populate temperate areas including the Mediter-
ranean Sea.21 This broad distribution and the abundant algal
proliferations have facilitated human exposure to PLTXs

through different routes (oral, cutaneous and inhalational
exposures) with adverse effects of varying severity.1,6,22–24 An
increasing risk of human health concerns PLTX skin exposure,
usually associated with both recreational and working activi-
ties during Ostreopsis blooms as well as with direct contact
with Palythoa and Zoanthus corals, commonly used as decora-
tive elements in home aquaria. Dermatitis ascribed to PLTX
has been reported since the first toxin isolation from Palythoa
corals,25 characterized by local irritation, erythema and
oedema4 sometimes associated with systemic symptoms tenta-
tively ascribed to toxin absorption.4,8,9 Considering its non-
proteic nature and its relatively high molecular weight, the
most probable skin reaction induced by PLTX could be irritant
contact dermatitis, even though sensitizing reactions cannot
be excluded.

In both irritant and sensitizing reactions, keratinocytes play
a crucial role as initiators, modulators and amplifiers of
cutaneous inflammation, due to their strategic positioning at
the interface between the body and the environment.26 After
their activation by pro-inflammatory stimuli, these epidermal
cells generate mainly reactive oxygen species (ROS) and cyto-
kines, which in turn trigger signalling pathways leading to
vasodilation, increased vascular permeability and infiltration
of immune/inflammatory cells into the skin.27 We have
previously demonstrated that PLTX is a potent ROS inducer
in HaCaT keratinocytes in vitro,28 inducing also a sustained

Fig. 5 Effects of PLTX-treated HaCaT conditioned media on monocyte differentiation. (A) Cells were exposed for 120 h to HaCaT conditioned
media (1 h exposure to 1.0 × 10−11 M PLTX followed by 3 and 23 h culture in toxin-free medium) and the levels of the following differentiation
markers CD14, CD54, CD86 and HLA-DR evaluated by flow cytofluorometry. Panel B, C and D: positive controls. Monocytes were differentiated into
(B) macrophages (10−7 M PMA), (C) iDCs (100 ng per mL IL-4 and GM-CSF) and (D) mDCs (200 ng per mL IL-4, 100 ng per mL GM-CSF, 10 ng per
mL TNF-α and 200 ng per mL ionomycin). The results are expressed as % of positive cells to the markers considered and are the average of 4 experi-
ments performed in duplicate (black bars: undifferentiated monocytes; dotted bars: differentiated cells). Statistical differences vs. undifferentiated
monocytes: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (one-way ANOVA and Bonferroni post-test).
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mitochondrial dysfunction, superoxide anion production and
necrotic cell death.29–31 In the present study we aimed to eluci-
date the sequence of selected inflammatory events that follow
the contact of keratinocytes with PLTX at a concentration (1.0
× 10−11 M) that allowed the maintenance of cell viability.

We initially evaluated the induction and release of selected
inflammatory mediators by HaCaT cells exposed to PLTX
under two different conditions: continuous exposure for 2, 4
and 24 h or 1 h exposure of priming with the toxin, followed
by a recovery period of 1, 3 and 23 h in toxin-free medium.
Under both conditions, the toxin induced an early (2 h)
increase in the expression of the genes encoding for IL-6, IL-8
and TNF-α, in agreement with recent evidence on the ability of
PLTX-containing Ostreopsis cf. ovata extracts to increase the
levels of TNF-α and IL-8 transcripts in human macrophages.11

The early increase in gene expression was associated with a
significant release of IL-6 and IL-8 after 24 h, with no changes
in IL-1α and TNF-α release, notwithstanding the increased
transcription of TNF-α mRNA. Upregulation of TNF-α gene
expression not followed by the release of the corresponding
protein has been previously described in human macrophages
and tentatively attributed to the translational inhibitory activity
of PLTX.11

In HaCaT cells, PLTX induced the release of the inflamma-
tory mediators PGE2 and histamine. The release started early,
being significant after 2 h exposure, and in line with previous
findings on the toxin ability to stimulate arachidonic acid
metabolism in rat peritoneal macrophages32 and in mouse epi-
dermal cells.33 Also histamine release started early and, in con-
trast to the PGE2 one, was maintained after PLTX removal,
under recovery conditions. On the whole, these results suggest
that not only mast cells34 but also keratinocytes are an impor-
tant source of histamine that could represent a pivotal inflam-
matory mediator in PLTX-induced dermatitis. This conclusion
is in line with previous findings demonstrating not only the
presence of key enzymes (i.e. histidine decarboxylase) for hista-
mine production in skin keratinocytes,35 but also their ability
to actively produce histamine under particular pathophysiolo-
gical conditions.35,36

Other marine toxins, such as tetrodotoxin, ciguatoxin 1B
and okadaic acid, are able to exert pro-inflammatory effects
that imply cytokine release or differentiation stimuli towards
inflammatory cells. For instance, inhibition of the voltage-
gated Na+-channel Nav1.7 by tetrodotoxin results in the acti-
vation of dendritic cells towards a sensitizing response.37 On
the other hand, ciguatoxin 1B was shown to induce the release
of cytokines from murine macrophages.38 Similarly, the
protein phosphatase inhibitor okadaic acid stimulates the
release of pro-inflammatory cytokines and chemokines from
inflammatory cells in a MAP kinase-dependent manner39

through NF-κB activation.40–42 In this frame, it has been
demonstrated that PLTX is able to activate the MAPK cascade,
as a consequence of the initial overload of Na+ induced after
its interaction with the Na+/K+-ATPase.43 Hence, even though
PLTX and okadaic acid display very different mechanisms of
action and different molecular targets, they apparently stimu-

late similar intracellular signal cascades that end up with the
regulation of inflammatory events. Further studies are required
to confirm this hypothesis.

To further characterize PLTX-induced inflammatory events,
we investigated the possibility that the HaCaT cell conditioned
media found to contain pro-inflammatory mediators endowed
with chemotactic activity, such as IL-6,44 IL-8 45 and hista-
mine,46 could induce migration of inflammatory/immunity
cells. These cells include monocytes that, once recruited from
the hematic torrent into the inflammation site, are able to
differentiate into macrophages and dendritic cells (iDCs). In
turn, once activated, the latter can mature into inflammatory
dendritic cells (mDCs) that sustain the immune response at
the site of inflammation. Four hours exposure of these inflam-
matory cells to keratinocytes conditioned media significantly
increased the migration of undifferentiated and differentiated
THP-1 cells, with the following order of potency: monocytes ≥
iDCs > mDCs > macrophages. It is thus possible to speculate
that the release of IL-6, IL-8 and histamine from keratinocytes
may induce migration of immune/inflammatory cells nearby
the site of contact with the toxin. In particular, recruitment of
monocyte-derived cells could play an important role in the
modulation of skin inflammation induced by PLTX.

Finally, we investigated the effect of conditioned media
from PLTX-treated HaCaT cells on monocyte differentiation,
assessed as cell proliferation, cell adhesion and phenotypic
analysis. Cell proliferation and adhesion did not provide sig-
nificant evidence for THP-1 monocyte differentiation up to
120 h of treatment, with only a moderate (<20%) increase in
cell adhesion. This result is consistent with the lack of
expression of adhesion molecules, such as CD54, characteristic
of cell differentiation into macrophages or mDC,47 as evi-
denced by the phenotypic analysis. However, from the same
analysis, a slight but significant increase in HLA-DR expression
was found in the cells exposed to 1 h + 23 h conditioned
medium, which could result from a paracrine effect of pro-
inflammatory cytokines released by keratinocytes rather than
from a real antigen presentation.

Conclusions

In conclusion, this study evidenced that PLTX stimulates the
release of pro-inflammatory mediators from skin HaCaT keratino-
cytes at a sub-cytotoxic concentration (10−11 M), representative
of an expected human exposure. In fact, although a direct
quantitation of PLTX during Ostreopsis blooms has never been
made, its release from algal cells was indirectly estimated in
cultures of O. cf. ovata. Guerrini and co-workers estimated a
PLTX release in the culture medium of 6.13 × 10−6 g L−1, a con-
centration of about two orders of magnitude higher than that
used in this study (10−11 M, equal to 2.7 × 10−8 g L−1).48 The
ability of the conditioned media obtained from PLTX-treated
HaCaT cells to evoke a significant migratory response in both
undifferentiated (monocytes) and differentiated dendritic cells
(iDCs and mDCs) suggests that keratinocytes, through the
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release of pro-inflammatory mediators, play an important
role in mediating the chemotaxis of immune/inflammatory
cells in response to PLTX exposure. Considering the lack of
monocyte differentiation into dendritic cells, skin exposure to
PLTX seems to induce an irritant contact dermatitis rather
than a sensitizing reaction. Further studies are needed to
confirm this conclusion and to define the actual role of
differentiated iDCs and mDCs once recruited to the site of
inflammation.

Abbreviations

DiL 1,1′-Dioctadecyl-3,3,3′,3′-tetramethyl-
indocarbocyanine perchlorate

GM-CSF Granulocyte-macrophage colony-stimulating factor
iDC Immature dendritic cells
mDC Mature dendritic cells
MIP3α Macrophage inflammatory protein-3α
PLTX Palytoxin
ROS Reactive oxygen species
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