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ORGAN TOXICITY AND MECHANISMS
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Abstract This study reports the results of an investigation of
the phototoxicity mechanism induced by pitavastatin and
its photoproducts, namely 6-cyclopropyl-10-fluoro-7,8-dihy-
drobenzo[k]phenanthridine (PP3) and 6-cyclopropyl-10-
fluorobenzo[k]phenanthridine (PP4). The phototoxicity was
tested in human keratinocytes cell lines NCTC-2544, and the
results proved that under the same conditions, all three com-
pounds exhibited phototoxic effects in the model tested. The
reduction in cell viability was found to be both concentration-
and UVA dose-dependent. A point of note is that both the
photoproducts produced a dramatic decrease in cell viability
with G5, values one order of magnitude lower compared to the
parent compound. In particular, the fully aromatic derivative
(PP4) showed the highest antiproliferative activity. Flow
cytometric analysis indicated that pitavastatin and the photo-
product PP4 principally induced necrosis, as revealed by the
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large appearance of propidium iodide-positive cells and also
confirmed by the rapid drop in cellular ATP levels. Further
studies committed to better understanding of photoinduced cell
death mechanism(s) revealed that neither pitavastatin nor PP4
induced mitochondrial depolarization or lysosomal damage,
but, interestingly, extensive cell lipid membrane peroxidation
along with a significant oxidation of model proteins occurred,
suggesting that pitavastatin and PP4 exert their phototoxic
effect mainly in the cellular membranes. The present results
suggest that the phototoxicity of pitavastatin may be mediated
by the formation of benzophenanthridine-like photoproducts
that appear to have high potential as photosensitizers.

Keywords Pitavastatin - Phototoxicity - Photoproduct -
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Abbreviations

BHA 2,6-di-tert-butylhydroxyanisole
BSA Bovine serum albumin
DMTU N-N’-dimethylthiourea

DNPH 2,4-dinitrophenylhydrazine
GSH Glutathione reduced form
MDA Malonyl dialdehyde

PIT Pitavastatin

RNAse A Ribonuclease A

SOD Superoxide dismutase
TBA Thiobarbituric acid
TOC Tocopherol acetate
Introduction

Pitavastatin, NK-104, monocalcium bis(3R,5S,6E)-7-(2-
cyclopropyl-4-[4-fluorophenyl]-3-quinolyl)-3,5-dihydroxy-
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Fig. 1 Chemical structures of pitavastatin (PIT) and its main
photoproducts PP3 and PP4

6-heptenoate (PIT, Fig. 1) is a totally synthetic HMG-
CoA reductase inhibitor that significantly reduces serum
total cholesterol, LDL cholesterol, and triglyceride levels
while modestly raising HDL cholesterol (Kajinami et al.
2000, 2003). The cellular mechanism of action is attrib-
uted to the inhibition of cholesterol biosynthesis in the
liver, and the drug is the first-line agent for lipid lowering
in patients with atherosclerosis and cardiovascular disease
(Ose et al. 2009). Additionally, recent reports have sug-
gested that pitavastatin may exhibit pleiotropic effects and
is now being tested for the treatment for other diseases,
including Alzheimer’s disease and osteoporosis (Mundy
2001; Caballero and Nahata 2004). Metabolism of pita-
vastatin by the cytochrome P450 system is minimal,
principally through CYP 2C9, with little the involvement
of the CYP 3A4 isoenzyme, potentially reducing the risk
of drug—drug interactions (Fujino et al. 2003). Of great
importance is a high systemic bioavailability resulting
from a moderate first-pass metabolism, and the drug’s
long elimination half-life of approximately 11 h (Mukhtar
et al. 2005).

Currently, the photostability of active pharmaceutical
ingredients (APIs) as well as final dosage forms is of great
interest because the photodegradation process can result in a
loss of the potency of the drug and also in adverse effects due
to the formation of toxic degradation products. It is accepted
that fraction of the optical radiation above 300 nm can pen-
etrate sufficiently deep into skin to react with substances
circulating in the bloodstream. In case of new chemical
entities for both topical and systemic application, which
absorb light in the range of 290-700 nm, the phototoxic
potential must be assessed through the use of appropriate
assays. Thus, the study of the photostability of
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pharmaceuticals and their formulations is of more than sim-
ple scientific interest but has implications for the market.

The literature survey shows that certain statins including
cerivastatin, atorvastatin, fluvastatin, and rosuvastatin are
highly photochemically reactive (Krol et al. 1993; Cermola
et al. 2006, 2007; Astarita et al. 2007). Moreover, we have
recently concluded that the phototoxic potential of flu-
vastatin may be attributed to the formation of a polycyclic
product with strong photosensitizing activity (Viola et al.
2010). The photodegradation of atorvastatin to a highly
reactive phenanthrene-like photoproduct also may con-
tribute to the phototoxic activity of the compound
(Montanaro et al. 2009).

Our recent study (Grobelny et al. 2009) showed that
pitavastatin exhibited susceptibility to degradation after
exposure to UVA light, yielding polycyclic products. In
particular, we noticed the formation of photoproducts after
UVA exposure of the drug in aqueous media, indicating
that photocyclization is the main reaction involved in the
formation of the products observed. In this context, it
would be of great importance to conduct experiments on
the phototoxic potential of pitavastatin. Thus, the aim of
this work is to evaluate the light-induced toxicity of pita-
vastatin and its main photoproducts in cultured NCTC-
2544 human keratinocytes. In order to gain insight into the
mechanism of phototoxicity, we have extended our studies
to the photochemical damage on the protein model in vitro.
To the best of our knowledge, this is the first report in
which the phototoxic effects of pitavastatin are demon-
strated at cellular level.

Experimental section
Chemicals

Pitavastatin  calcium, monocalcium bis(3R,5S,6E)-7-
(2-cyclopropyl-4-[4-fluorophenyl]3-quinolyl)-3,5-dihydroxy-
6-heptenoate was obtained from Zydus Cadila, India.

Thiobarbituric acid (TBA), sodium azide (NaN3), N-N'-
dimethylthiourea (DMTU), superoxide dismutase (SOD),
bovine serum albumin (BSA), ribonuclease A (RNAse A),
2,6-di-tert-butylhydroxyanisole (BHA), tocopherol acetate
(TOC), and glutathione reduced form (GSH) were pur-
chased from Sigma-Aldrich (Milano, Italy).

Irradiation procedure

Two HPW 125 Philips lamps, mainly emitting at 365 nm,
were used for irradiation experiments. The spectral irradi-
ance of the source was 4.0 mW cm ™2 as measured at the
sample level by a Cole-Parmer Instrument Company radi-
ometer (Niles, IL, USA) equipped with a 365-CX sensor.
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LC-MS analysis

Cells were irradiated in the presence of the compounds
with different UVA doses, washed twice with Hank’s
Balanced Salt Solution (HBSS pH = 7.2), and then tryp-
sinized and centrifuged. The resulting pellet was extracted
with methanol, and the solution was subjected to LC-MS
analysis. Varian 212 LC system equipped with a MS500
ion trap detector with ESI source was used for the HPLC—
MS analysis. The MS conditions were the following:
positive ion mode needle potential 5,400 V, shield 600 V,
spray chamber temperature 50°C, nebulizer pressure 20
psi, drying gas pressure 18 psi, drying gas temperature
340°C, capillary voltage 78 V, RF loading 74%, MS range
50-700 Da. Parameters were optimized using the Varian
WS workstation (optimizing by directly injecting 10 pL/
min solution of pitavastatin). Agilent Eclipse plus C-18
(2.1 x 150 mm, 3.5 um) was used as a stationary phase.
Flow was 200 pL/min, and volume of injection was 5 pL.
Eluents were water 0.1% HCOOH (A) and methanol (B),
gradient elution was as follows: from 60% A to 0% A in
20 min, then isocratic at 0% A until 35 min.

Cellular phototoxicity

An immortalized, non-tumorigenic cell line of human
keratinocytes (NCTC-2544) was grown in a DMEM med-
ium (Sigma-Aldrich Milan, Italy), supplemented with 115
units/mL. of penicillin G, 115 pg/mL streptomycin, and
10% fetal calf serum (Invitrogen, Milan, Italy). Individual
wells of a 96-well tissue culture microtiter plate (Falcon,
Becton—Dickinson) were inoculated with 100 pL. of com-
plete medium containing 8 x 10° NCTC-2544. The plates
were incubated at 37°C in a humidified 5% CO, incubator
for 18 h prior to the experiments. After medium removal,
100 uL. of the drug solution, dissolved in DMSO and
diluted with Hank’s Balanced Salt Solution (HBSS
pH = 7.2), was added to each well, incubated at 37°C for
30 min, and then irradiated. After irradiation, the solution
was replaced with the medium and the plates were further
incubated for 72 h. Cell viability was assayed by the MTT
[(3-(4,5-dimethylthiazol-2-y1)-2,5 diphenyl tetrazolium
bromide)] test as previously described (Viola et al. 2007).

Cellular localization studies

NCTC-2544 cells were allowed to attach in a sterile Petri
dishes and treated with PIT or its photoproducts 100 and
20 puM, respectively, for 2 h, then washed with HBSS.
Cellular fluorescence images were acquired with a video-
confocal microscope (NIKON), using a Nir Apo 60x/
1.0 W water immersion objective (Nikon Eclipse 80i,
Melville, NY, USA).

Cell cycle analysis

For flow cytometric analysis of DNA content, 5 x 10°
cells in exponential growth were irradiated as described
above. After specified time intervals, the cells were tryp-
sinized and together with floating cells, centrifuged, and
fixed with ice-cold ethanol (70%). Subsequently, the
keratinocytes were treated with a lysis buffer containing
RNAse A and stained with propidium iodide. Samples
were analyzed on a Beckman Coulter Cytomic FC500 flow
cytometer. For cell cycle analysis, DNA histograms were
analyzed using MultiCycleTM for Windows (Phoenix Flow
Systems, CA, USA).

Externalization of phosphatidylserine

The surface exposure of phosphatidylserine (PS) by
apoptotic cells was measured by flow cytometry with a
Coulter Cytomics FC500 (Coulter) by adding Annexin-V-
FITC to cells according to the manufacturer’s instruc-
tions (Roche Diagnostic, Monza, Italy). Simultaneously,
the cells were stained with PI. These experiments were
performed in the presence or in the absence of different
antioxidant added at the same time as PIT and the
photoproduct.

Detection of DNA fragmentation by agarose gel

Total genomic DNA was extracted from irradiated kerati-
nocytes by a commonly used salting out protocol. After-
ward, 1 pg of DNA obtained was subsequently loaded on a
1.5% agarose gel at 50 V for 6 h in TAE buffer. After
staining in an ethidium bromide solution, the gel was
washed with water and the DNA bands were detected
under UV radiation with an ImageQuant 300 transillumi-
nator (GE Healthcare) equipped with a CCD camera.

Intracellular calcium measurement

The intracellular calcium concentration in NCTC-2544 cells
was measured by flow cytometry using the Ca*"-sensitive
fluorescent dye Fluo-4/AM (Molecular Probes). Briefly, after
specified time intervals, irradiated cells were washed and
incubated with 2.5 uM Fluo-4/AM in the complete medium
for 30 min at 37°C. The cells were then trypsinized, washed
two times, and then resuspended in HBSS. The intracellular
calcium level was analyzed immediately for Fluo-4/AM
fluorescence intensity by flow cytometry.

ATP assay

Cells were irradiated in the presence of PIT or its photo-
products and from different times of irradiation, and the
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cells were collected and counted. The ATP content per
100,000 cells was then determined using the CellTiter-Glo
luminescent assay (Promega, Milano, Italy) according to
the manufacturer’s instructions, using a Victor' " lumino-
meter (Perkin Elmer). Data are normalized to the ATP
content in non-irradiated cells.

Caspase-3 assay

Caspase-3 activation in NCTC-2544 cells was evaluated by
flow cytometry using a human active caspase-3 fragment
antibody conjugated with FITC (BD Pharmingen). Briefly,
after irradiation, the cells were collected by centrifugation
and resuspended in Perm/W. ash (BD Pharmingen) buffer
for 20 min, washed, and then incubated for 30 min with the
antibody. After this period, the cells were washed and
analyzed by flow cytometry.

Lipid peroxidation: TBARS assay

Lipid peroxidation was measured using a thiobarbituric
acid assay as described previously (Viola et al. 2007). A
standard curve of 1,1,3,3 tetracthxoypropane was used to
quantify the amount of malonaldehyde produced. Data are
expressed in terms of nanomoles of TBARS normalized to
the total protein content, measured in an aliquot of the cell
extract.

Protein oxidation

Solutions of bovine serum albumin (BSA) and ribonuclease
A (RNAse A), (0.5 mg/mL) in the phosphate buffer
10 mM were irradiated in the presence of the test com-
pounds for various times in a quartz cuvette. At different
times, an aliquot of the solution was taken and the degree
of protein oxidation was monitored spectrophotometrically,
as described previously (Levine et al. 1990) by derivati-
zation with 2,4-dinitrophenylhydrazine (DNPH).

Statistical analysis

Unless otherwise indicated, the results are presented as
mean £ S.E.M. The differences between the irradiated and
non-irradiated sample were analyzed using the two-sided
Student’s ¢ test.

Results

Photolysis and cellular phototoxicity

Pitavastatin showed absorption maxima in the UVA range
(320—400 nm) and underwent rapid photodegradation upon
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UVA irradiation in buffered aqueous solution, as previ-
ously reported (Grobelny et al. 2009). After irradiation, we
were able to isolate by HPLC (Figure S1, see Supporting
information) and characterize two main photoproducts that
were subjected to NMR analyses. The isolated compounds
were pure, as was determined by analytical HPLC and
NMR analysis. NMR spectra (Table S1, see Supporting
information) revealed structures consistent with tetracyclic
compounds, namely 6-cyclopropyl-10-fluoro-7,8-dihydro-
benzo[k]phenantridine (PP3) and (6-cyclopropyl-10-
fluorobenzo[k]phenantridine (PP4) depicted in Fig. 1, in
strong agreement with our previous results (Grobelny et al.
2009). Further experiments carried out with the purpose of
evaluating the photostability of PP3 and PP4 evidently
showed that the two photoproducts do not significantly
modify their absorption spectra after UVA irradiation
(Figure S2, Supporting information).

The phototoxicity of PIT and its photoproducts PP3 and
PP4 was evaluated in a cell line of immortalized human
keratinocytes NCTC-2544 by use of an MTT assay carried
out 72 h after irradiation. Figure 2 (panel a) shows the
reduction in viability obtained in NCTC-2544 cells at dif-
ferent concentrations and different UVA doses. As can be
observed, a concentration and UVA dose-dependent
reduction in cell viability is induced by PIT. The calculated
Glsg is shown in Table 1. In the same experimental con-
ditions, but in the absence of irradiation, PIT did not show
any decrease in viability.

In the same model, the photoproducts PP3 and PP4 were
tested. The two photoproducts did not affect cell viability
without irradiation, but on the contrary, after irradiation, a
reduction in cell viability can be observed for both com-
pounds in comparison with the parent one, as showed in
Fig. 2 (panels b, c). In particular, a remarkable decrease
in cell viability was observed with the fully aromatic PP4
in comparison with the dihydro derivative PP3. Altogether,
these data suggest that the phototoxicity of PIT could be
mediated by the formation of these photoproducts.

UVA radiation induced photoproducts formation
in NCTC-2544 keratinocytes

To evaluate whether PIT is converted to PP3 and/or PP4 in
the cellular system, NCTC-2544 cells were irradiated in the
presence of 100 uM PIT with the same UVA doses that
induce cell killing and the cellular extracts were analyzed
by LC-MS. As shown in Fig. 3 (panel a), after 2.5 J cm™2,
we were able to observe the appearance of two peaks
corresponding to PP3 and PP4 indicating that the build up
of the two photoproduct is effective also in a cellular
system. Moreover, we analyzed the uptake of PIT and its
photoproducts in NCTC-2544 cells utilizing their intrinsic
fluorescence. As shown in Fig. 3 Panel b, we can observe
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Fig. 2 Percentage of viability of human keratinocytes NCTC-2544
after UVA irradiation in the presence of PIT (panel a), photoproduct
PP3 (panel b), and photoproduct PP4 (panel c). Cells were irradiated
at the different UVA doses indicated and at different concentrations
of compounds. Cell viability was measured by MTT test after 72 h
after irradiation. Data represent mean + S.E.M for at least four
independent experiments

an efficient incorporation of the drugs inside the cells after
2 h of incubation without a particular disposition suggest-
ing that both PIT and its photoproducts are able to bind and
to penetrate inside the cells.

Assessment of the mode of cell death

To characterize the mode of cell death (necrosis or apop-
tosis) photoinduced by PIT and its most active photo-
product PP4, a biparametric cytofluorimetric analysis was
performed in order to quantify the precise extent of

Table 1 Gls( of PIT, PP3, and PP4 after 72 h from the irradiation of
NCTC-2544

UVA dose (J cm™?) GI5o(uM)

PIT PP3 PP4
1.25 >100 247 21.7
2.5 >100 16.4 11.1
3.75 78.1 8.2 2.8
7.5 8.7 n.d n.d

? Drug concentration, expressed in pM, which reduces the cell pro-
liferation by 50%

apoptosis versus necrosis using propidium iodide (PI) and
Annexin-V (Martin et al. 1995). Positive staining with
Annexin-V correlates with the loss of plasma membrane
polarity but precedes the complete loss of membrane
integrity that accompanies the later stages of cell death
resulting from either apoptosis or necrosis. In contrast, PI
can only enter cells after the loss of their membrane
integrity. Thus, dual staining with Annexin-V and PI
clearly allows to discriminate between unaffected cells
(Annexin-V~/PI7), early apoptotic cells (Annexin-V*/
PI™), late apoptotic cells (Annexin-V*/PI™), and necrotic
cells (Annexin-V~/PI™").

Figure 4 shows six biparametric histograms as repre-
sentative, in which the effect of PIT and PP4 at 24 and 48 h
from the irradiation is depicted. It is quite evident that PIT
and PP4 early induced an accumulation of PI-positive cells
in comparison with the irradiated control.

A complete picture of the results is presented in Fig. 5 in
which PIT and PP4 were used at the concentration of 100
and 20 puM, respectively. We did not observe a significant
amount of A*/PI™ cells at any time point investigated but,
on the contrary, a large percentage of PI-positive cells was
found, suggesting a rapid permeabilization of the cell
plasma membrane that leads to necrotic cell death. Similar
results were also obtained with lower concentrations of
compounds (figure S3, Supporting informations).

The mode of cell death was also followed by two most
common endpoint analyses, such as morphological changes
and analysis of DNA fragmentation (Galluzzi et al. 2009).
As shown in Fig. 6 (panel a), visual inspection by contrast-
phase microscopy of the morphology of NCTC-2544 cells
irradiated in the presence of PIT (100 uM) or PP4 (20 uM)
revealed the presence of cellular swelling and rupture of
the plasma membrane, which are typical signs of necrotic
type of cell death. Furthermore, agarose gel electrophoresis
of DNA extracted after 24 and 48 h from keratinocytes
irradiated in the presence of PIT and PP4 (Fig. 6, panel b)
showed a non-specific degradation resulting in a “smear”
of randomly degraded DNA in the samples treated, which
is indicative of necrotic cell death. In addition, to confirm
the non-apoptotic cell death photoinduced by PIT and PP4,
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Fig. 3 Panel a LC-MS profile

of NCTC cells after irradiation A
with PIT (100 uM) with the
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we evaluated the activity of caspase-3, since this enzyme is
essential to the propagation of the apoptotic signal (Porter
and Janicke 1999; Kumar 2007). As depicted in Fig. 6
(panel c), flow cytometric analysis of NCTC-2544 irradi-
ated in the presence of PIT and PP4 did not show any
activation of caspase-3.

Effect of antioxidant compounds

With the purpose of evaluating which reactive species are
involved in the mechanism(s) of photoinduced cell toxicity,
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B PIT PP3 PP4

experiments irradiating NCTC-2544 cells with PIT and
PP4 in the presence of different scavengers were per-
formed, as previously reported (Elisei et al. 2004; Viola
et al. 2007). The cell death was evaluated by flow cyto-
metric analysis, by double staining of the cells with
Annexin-V and PI. The additives used were NaN; (a sin-
glet oxygen scavenger), superoxide dismutase (SOD,
scavenger of O), DMTU (scavenger of ‘'OH) and 2,6-di-
tert-butylhydroxyanisole (BHA), tocopherol acetate, and
GSH, (free radical scavengers). It can be observed from
Fig. 7 that the photoinduced cell death by PIT and PP4 is
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efficiently counteracted by GSH, BHA, and DMTU, which
indicates that free and hydroxyl radicals may be involved
in the mechanism of action.

ATP assay

Apoptosis is an energy-dependent process in which the
decrease in ATP below critical levels may impede the exe-
cution of apoptosis and promote necrosis (Eguchi et al. 1997,
Leistet al. 1997). In fact, necrosis is characterized by a rapid
drop in ATP; given the potentially critical role attributed to
ATP in the necrosis, we measured cellular ATP levels fol-
lowing irradiation with PIT and PP4. Using a luciferase-
based assay for cellular ATP content, a dramatic depletion of
ATP levels was detected in keratinocyte-irradiated cells in
the presence of 100 uM PIT (Fig. 8). Similarly, the

v

Annexin-V-FITC

irradiation with 20 uM PP4 dramatically decreases ATP
levels in comparison with non-irradiated cells; this was
already seen after 12 h from irradiation, and a further
reduction was detected at 24 h. Taken together, these data
suggested that the rapid and pronounced ATP depletion was
aconcurrent event that accompanied the loss of cell viability.

Analysis of cell cycle

To investigate the effects of PIT and PP4 upon UVA
irradiation on the cell cycle, NCTC-2544 cells were treated
with the test compounds at different concentrations and at
the light dose of 3.75 J cm 2. After 12, 24, and 48 h from
the irradiation, the cells were fixed and labelled with pro-
pidium iodide. The different phases of the cell cycle were
analyzed by flow cytometry.
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Fig. 5 Keratinocytes NCTC-2544 were irradiated in the presence of
PIT at the concentration indicated, and after different times, the cells
were collected, stained with Annexin-V-FITC and Propidium iodide
(PI), and analyzed by flow cytometry. The results are expressed as a

Irradiation of keratinocytes with PIT induced an
increase in the G2/M and S phase along with a reduction in
the G1 phase (Table 2), in particular at 12 and 24 h after
the treatment. On the contrary, after 24 h, PP4 induced an
arrest of the cycle in the S phase. These data suggest that in
response to phototoxic stress induced by the drugs, the
progress of the cell cycle can be arrested at certain
checkpoints that serve to maintain genomic integrity.

More importantly, it is interesting to note that the per-
centage of the cell population with a hypodiploid DNA
content peak (subGl), representing those cells with a DNA
content less than GI1, which are usually considered as
apoptotic cells, amounts to 10-20% at 24 h after treatment
with PP4. Although statistically significant in respect to
both control and UV A-treated cells, this represents a lower
amount in comparison with the large percentage of dead
cells (70%) as depicted in Fig. 5 and measured at the same
time point.

Mitochondrial and lysosomal integrity assessment
To investigate which cellular sites are involved in the
phototoxicity induced by PIT and the most active photo-

product PP4, we focused our attention on mitochondria
and lysosomes. It has been shown previously that
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percentage of cells found in the different regions of the biparametric
histograms showed in Fig. 4. Panel a Non-irradiated cells; Panel
b UVA alone; Panel ¢: PIT 100 uM; Panel d 20 uM. Data represent
the mean = S.E.M of three independent experiments

mitochondrial and/or lysosomal alterations are involved in
cell death caused by many photosensitizers including flu-
oroquinolones, phenothiazines, antimalarial drugs, and
porphyrins (Ouedraogo et al. 1999; Viola and Dall’ Acqua
20006; Viola et al. 2007; Kessel and Luo 2001).

Further experiments to assess changes in mitochondrial
functions after irradiation in the presence of PIT and PP4
were performed measuring the mitochondrial potential
(AY) by flow cytometry. Flow cytometric analysis of
NCTC-2544 cells after 24 or 48 h from the irradiation in
the presence of the compounds showed no significant
variations (Figure S4, Supporting information) of Ay, in
comparison with the irradiated control, indicating the non-
involvement of this organelle in photoinduced cell death.
To confirm that mitochondria were not involved in the
photokilling mechanism, we also evaluated the mitochon-
drial production of ROS by two fluorescent probes,
hydroethidine (HE) and 2',7'-dichlorodihydrofluorescein
diacetate (H,DCFDA) by flow cytometry (Rothe and Valet
1990; Nohl et al. 2005). In agreement, only a slight
increase in ROS production was observed for cells
irradiated with PIT and PP4 (Figure S4, Supporting
information).

In order to investigate the integrity of lysosomes after
irradiation with the test compounds, flow cytometric
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Fig. 6 Panel a Cell
micrographs taken after 24 h
from the irradiation

(3.75 J em™?) in the presence of
PIT and PP4 at the
concentrations of 100 and

20 pM, respectively.
Magnifications 20x and 40x
Panel b. Agarose gel
electrophoresis of chromosomal
DNA extracted from NCTC-
2544 cells 24 and 48 h after the
irradiation (3.75J cmfz) in the
presence of PIT (100 pM) and
PP4 (20 puM). Lane M indicated
size marker DNAs. Panel

¢ Flow cytometric analysis of
caspase-3 activity after
irradiation in the presence of
PIT (100 uM) and PP4

(20 uM). After 24 h of
treatment, cells were harvested
and stained with an antihuman
active caspase-3 fragment
monoclonal antibody
conjugated with FITC.
Representative histograms of
three different experiments are
shown

24h 48h
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Fig. 7 Cell viability measured by flow cytometry by double staining
of the cells with Annexin-V and PI, 24 h after irradiation in the
presence of PIT 100 uM (panel a) and PP4 20 pM (panel b) and of
BHA 10 uM, GSH 1 mM, DMTU 1 mM, SOD 2000 U.I., Tocopherol
acetate (TOC) 200 uM and NaN; 10 mM. Data represent the
mean + S.E.M of three independent experiments. **P < 0.01 versus
PIT or PP4 irradiated cells
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Fig. 8 ATP content was measured in NCTC-2544 cells after different
times from the irradiation (3.75J cm™>) in the presence of PIT
(100 pM) and PP4 (20 uM). Cells were collected and then counted,
after which the ATP content per 100,000 cells was determined using the
CellTiter-Glo luminescent assay (Promega, Mllan Italy) according to
the manufacturer’s instructions, using a Victor’ " luminometer (Perkin
Elmer). Data are normalized to ATP content in non-irradiated cells. Data
represent the mean = S.EIM of three independent experiments.
*P < 0.05, **P < 0.01 versus UV A-irradiated cells
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analysis was performed using the fluorescent acidotropic
dye LysoTracker Red. The results (Figure S5, Supporting
information) indicate only a slight reduction in fluores-
cence intensity, suggesting that lysosomes also do not
represent a major target of the phototoxic action of the
drugs.
Intracellular Ca®* measurement

It has been demonstrated that the overload of intracellular
Ca”" is associated with the necrotic cell pathway (Golstein
and Kroemer 2007). To verify whether a calcium signal is
involved in the photoinduced cell death mechanism acti-
vated by PIT and PP4, we used the Ca®'-sensitive dye
Fluo-4/AM. The cells displayed an increase in Fluo-4/AM
fluorescence intensity after just 1 h from irradiation, and
the intensity was two—three times greater than the irradi-
ated controls for both PIT and its photoproduct PP4 (Fig. 9,
panels a, b).

To verify the source of calcium, we performed a similar
experiment using a calcium-free medium containing 1 mM
EGTA. The results showed (Fig. 9, panel c) that in these
experimental conditions, a significant decrease in fluores-
cence occurred, indicating that the increased intracellular
calcium is due to a calcium influx from the extracellular
sites without calcium release from internal stores.

Lipid peroxidation

To gain insight into the photoinduced cell death mecha-
nism activated by PIT and PP4, we investigated whether
these compounds cause lipid peroxidation by measuring
the level of malonyldialdehyde (MDA) bound to thiobar-
bituric acid (TBA) in treated and untreated NCTC-2544
cells. This assay is a measure of membrane injury as the
cellular level of MDA correlates with lipid peroxidation
(Girotti 2001). The results showed (Fig. 10), that in
untreated cells or in UVA-irradiated cells, the levels of
TBARS were relatively low. In contrast, the levels of
TBARS increased significantly after 12 h after irradiation
in the presence of PIT and PP4, and then, they further
augmented at later times. Therefore, lipid peroxidation
initiated by photoactivated PIT is well correlated with the
increase in cell permeability measured with propidium
iodide, suggesting that an extensive lipid peroxidation
could play a major role in the photokilling mechanism.

Protein photodamage

To investigate more deeply the photosensitizing properties
of PIT and PP4 toward other components of cellular
membranes, such as proteins, aqueous-buffered solutions
of PIT and PP4 containing bovine serum albumin (BSA) or
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Table 2 Effect of PIT and PP4 on the cell cycle of NCTC-2544 after UVA irradiation (3.75 J cmfz)

% G1* % G2/M % S % Apoptotic Cells® (Sub-G1)

Ctr 12 h 65.1 £2.0 11.0 £ 19 256 £ 1.7 1.8 £0.1
UVA alone 12 h 64.6 £ 3.0 10.0 £ 1.7 254 +£35 1.3 £02
PIT I2 h

100 M 37.3 £ 3.1*% 25.6 £ 3.5% 37.1+£25 34+£15
50 pM 41.5 £ 6.0* 254 £+ 1.0* 330+ 7.1 22+09
PP4 12 h

20 uM 44.6 £ 2.8* 18.5 £ 1.5% 36.7 + 4.1 42+ 1.2
10 pM 33.7 + 4.6* 29.1 £ 3.4* 372+ 48 0.7 £0.1
Ctr24 h 632+ 34 11.6 £ 12 252 +238 1.0+ 03
UVA alone 24 h 66.9 £ 3.5 14.1 £ 3.1 190 £ 1.5 54+19
PIT 24 h

100 uM 39.5 £ 5.1* 259 £+ 3.1* 345 £ 8.1 22+05
50 pM 455 £ 5.6* 219 £ 1.7* 326 £5.8 71+22
PP424 h

20 pM 435+ 6.0 187 £ 19 43.6 £ 1.9*% 24.8 + 4.5%
10 pM 402 £55 193 £20 40.5 £ 7.5% 13.8 £ 1.4*
Ctr 48 h 628 £ 12 104 £29 268 £ 1.6 5015
UVA alone 48 h 634 +£27 9.8 £05 26.6 £2.3 52+1.0
PIT 48 h

100 pM 582 £ 39 146 £ 2.0 273 £23 77+ 14
50 pM 66.7 £32 17.6 + 6.8 15.6 &+ 3.5 95+09
PP4 48 h

20 Mm 535+76 129 £ 3.7 33.6 £5.7 142 +£32
10 pM 502 £ 6.6 19.6 £32 308 £62 11.6 £ 25

* The percentage of each phase of the cell cycle was calculated on living cells

® Percentage of the cell population with hypodiploid DNA content peak (apoptotic cells). Data expressed as the mean £ SEM of three

experiments *P < 0.05 versus Ctr at the respective time

ribonuclease A (RNAse A) as models (Stadtman and
Levine 2003) were irradiated for various times. The degree
of oxidative modifications was measured by monitoring the
carbonyl content, an index of oxidative damage of the
proteins (Levine et al. 1990). RNAse A was selected as a
protein model because of the lack of Trp residues, together
with the presence of Tyr and Phe residues in its sequence.
The results, reported in Fig. 11, demonstrated that PIT
significantly increased the carbonyl content of BSA and
RNAse A after irradiation, and this effect is both concen-
tration- and UVA dose-dependent. On the contrary, PP4
only induced a slight increase in the carbonyl content for
both BSA and RNAse A. This could be due to a lower
binding of PP4 to the protein.

Discussion
As a continuation of our research into molecular mecha-

nisms of the light-induced reactivity of drugs, we have
examined the phototoxic effect of pitavastatin, a highly

specific inhibitor of HMG-CoA reductase inhibitor. PIT
fulfill the criteria for photosafety testing, including (1) high
systemic bioavailability and long half-time; (2) adminis-
tration over a long period of time; (3) degradation in
solution during photoirradiation; (4) presence of essential
chemical functionalities (aromatic moiety, double bond,
fluorine atom); and (5) significant absorbance above
290 nm.

Pitavastatin, in combination with UVA light, induced a
reduction in the cell viability, but more importantly, its
photoproducts PP3 and PP4 showed a remarkable increase
in the phototoxicity at a concentration ten times lower than
the parent compound. It is interesting to note that the UVA
doses used for the evaluation of phototoxicity are within
the range of UVA doses sufficient to induce the photo-
cyclization reaction resulting in efficient formation of
photoproducts in vitro as demonstrated by LC-MS.
Therefore, these results strongly suggest that the photo-
toxicity of PIT could be mediated by the formation of
benzophenanthridine-like structures (PP3 and PP4) that act
as strong photosensitizers.
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Fig. 9 Intracellular calcium measurement in NCTC-2544 cells after
different times from the irradiation (3.75 J cmfz) in the presence of
PIT 100 and 50 pM (Panel a) and PP4 20 and 10 uM (Panel b). Ca>*
was measured by labeling the cells with 2.5 pM of Fluo-4/AM and
examining the fluorescence by flow cytometry. Analogous experi-
ments were performed in a calcium-free medium containing 1 mM
EGTA (Panel c¢) and analyzed after 3 h from irradiation. Data
represent the mean of fluorescence intensity &= S.EIM of four
independent experiments. **P < 0.01 versus UV A-irradiated cells

Soon after irradiation with PIT, cells initiated a series
of remarkable morphological alterations that affect the
integrity of the plasma membrane. In contrast, the nuc-
lear structure is preserved and no DNA degradation is
detected as also demonstrated by the analysis of DNA
extracted from irradiated cells. These features are typical
for necrotic cell death. Necrosis is associated with cell
swelling, membrane rupture, and the release of cytosolic
content to the external environment, whereby the loss of
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Fig. 11 Photosensitized protein oxidation by PIT and PP4. BSA
(panel a), and RNAse A (panel b), dissolved in phosphate buffer
10 mM, pH = 7.2, were irradiated at different UVA doses in the
presence of PIT and PP4 at the indicated concentrations. Protein
oxidation was evaluated spectrophotometrically by monitoring the
carbonyl content after derivatization with 2,4-dinitrophenylhydrazine
(DNPH)

membrane integrity is considered an early event in this
process.

In order to monitor the membrane integrity after irra-
diation with PIT, we used flow cytometry and double
staining with Annexin-V and PI. Annexin-V staining pre-
cedes the loss of membrane integrity, which accompanies
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the latest stages of cell death resulting from either apop-
totic or necrotic processes. It should be noted that if the
plasma membrane is permeabilized, Annexin-V can bind to
intracellular phosphatidylserine as well (Galluzzi et al.
2009).

Our results showed a rapid increase in the PI-positive
cells, whereas Annexin-V-positive cells did not increase
significantly at any time investigated, suggesting that
necrosis and not apoptosis is the major pathway of cell
death. In excellent agreement with the MTT test, the
photoproduct PP4 induced a high amount of Pl-positive
cells but at lower concentrations with respect to the parent
compound indicating its involvement in the photoinduced
cell death.

In this context, we observed a significant increase in
intracellular Ca*" concentration soon after the irradiation.
Moreover, by depleting extracellular calcium with EGTA,
we did not observe an increase in intracellular calcium
after irradiation with PIT and PP4, which suggests that the
increased intracellular Ca*™ was from extracellular sites
and probably due to a rapid loss of membrane integrity
resulting from lipid peroxidation as demonstrated by
TBARS formation and protein oxidation.

The cell death induced by PIT and PP4 is accompanied
by a reduction in the ATP content but not by the loss of
mitochondrial membrane potential. Although the disruption
of mitochondrial membrane potential plays an important
role in necrotic and apoptotic processes, a lack of loss of
mitochondrial membrane potential has been reported in
non-apoptotic cell death (Kim et al. 2005). Given the rapid
increase in cell membrane permeability after PIT or PP4
irradiation, as evidenced by intracellular Ca®* increase and
PI permeability, it is more plausible that these compounds
cause considerable damage to the cell membrane structure,
thereby promoting substantial ATP leakage into the extra-
cellular spaces. As ATP depletion is considered to be the
major cause of necrotic cell death, such a loss of the ATP
pool may lead to necrosis. However, we cannot exclude the
possibility that the drug may inhibit oxidative phosphory-
lation without any changes in mitochondrial membrane
potential or that the reduction in ATP concentration could
be due to an increase in ATP consumption.

Preliminary experiments devoted to evaluate which
reactive species could be involved in the photoinduced cell
death showed that the irradiation of keratinocytes in the
presence of BHA, DMTU, and GSH significantly protects
against cell death, indicating the involvement of free and/or
hydroxyl radicals in the mechanism of action of both PIT
and its photoproducts. Certainly, a detailed photophysical
determination of the excited states generated after UVA
absorption as well as reactive oxygen species is required
for a better understanding of the mechanism of action.

In summary, we have established for the first time that
PIT is endowed with a clear phototoxic potential in vitro in
a human keratinocyte cell line. Its phototoxicity could be
mediated by the formation of photoproducts endowed with
high photosensitizing properties. Moreover, we identified
plasma membrane as one of the major targets of the PIT
action, which ultimately leads to necrosis as the principal
mode of cell death. The photoproduct formation and the
possible consequences on the biological effects of the
photosensitization of cutaneous cells in patients treated
with PIT deserve further studies.
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