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Abstract
Endoperoxides of naphthalene derivatives generate singlet oxygen under physiological conditions. Here we have synthesized a new endo-
peroxide of a naphthalene derivative, 1-buthylnaphthalene-4-propionate endoperoxide (BNPE), and studied its cytotoxic properties on HepG2
and HaCaT cells. BNPE induced cell death at much lower concentration than 1-methylnaphthalene-4-propionate endoperoxide (MNPE) and
naphthalene dipropionate endoperoxide (NDPE). A positive correlation exists between the amount of endoperoxide incorporated into cells and
its cytotoxic ability. The cytotoxic effect of BNPE was attenuated by a-tocopherol but not by sodium azide. In contrast, the effects of MNPE and
NDPE were attenuated by both a-tocopherol and sodium azide. The caspase cascade in cells treated with endoperoxide was impaired. Caspase
activity in a soluble protein fraction were inhibited similarly by the above three endoperoxides. These results suggest an abortive apoptotic
pathway due to the suppression of caspase activation is a general feature of cell death induced by singlet oxygen.
� 2008 International Federation for Cell Biology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Singlet oxygen is one of the reactive oxygen species
responsible for skin damage induced by long-wave ultraviolet
(UVA) radiation (Krutmann, 2000; Klotz et al., 2001; Tyrrell,
2004) and for the cytotoxic effect in photodynamic therapy
against tumors (Pass, 1993; Moan and Peng, 2003; Tries-
scheijn et al., 2006). Several methods for generating singlet
oxygen in cells have been developed and utilized, and one of
the most widely used methods so far involves treating cells
with permeable photosensitizers followed by visible light
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radiation (e.g. Muller-Breitkreutz et al., 1995; Zhuang et al.,
1998). This method is easy to perform and does not require
special equipment. Rose Bengal and Methylene Blue are the
most frequently used photosensitizers. Their limitation,
however, is the generation of free radicals in addition to singlet
oxygen (Halliwell and Gutteridge, 1999). To avoid this
problem, endoperoxides of naphthalene derivatives were
synthesized and used for over 20 years (Saito et al., 1981;
Nieuwint et al., 1985; Pierlot et al., 2000). Endoperoxides
generate ‘‘pure’’ singlet oxygen with no radical formation
through thermal decomposition in physiological conditions.

The mechanism of cell death induced by singlet oxygen has
been studied using various singlet oxygen generating systems.
When photosensitizers were used for generating singlet
Published by Elsevier Ltd. All rights reserved.
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oxygen, most reports stated that an apoptotic cell death was
induced. For example, HeLa cells treated with a benzopor-
phyrin derivative monoacid ring A (Granville et al., 1998),
HL-60 cells with Rose Bengal (Zhuang et al., 1998), thyroid
follicular carcinoma-derived cell line XTC.UC1 with Methy-
lene Blue (Allia et al., 2003) and human colon carcinoma cell
line 320DM with hexaminolevulinate (Shahzidi et al., 2006)
all produced apoptotic cell death after the photodynamic
treatments. UVA irradiation e another well known method for
generating singlet oxygen inside cells e has been used on
human T helper cells (Morita et al., 1997), human T and B
lymphocytes (Godar, 1999), and human keratinocyte cell line
HaCaT cells (Morley et al., 2006) and were reported to induce
apoptosis. In contrast, we recently found cell death induced by
1-methylnaphthalene-4-propionate endoperoxide (MNPE)
does not induce a typical apoptosis, cells showing incomplete
nuclear fragmentation, little DNA ladder formation and weak
activation of the caspase cascade (Otsu et al., 2005).

The above phenomenon induced by MNPE seems to be due
to singlet oxygen via inhibition of caspase activity (Otsu et al.,
2005). Several reports describe the modification of enzyme
activities by singlet oxygen (Vinnikova et al., 1992; Tatsuzawa
et al., 1998; Diaz et al., 2005). In addition to these, Glaser
et al. (1988) suggested that a selective loss of histidine residue
by singlet oxygen leads to inhibition of mitochondrial F1-
ATPase activity. von Montfort et al. (2006) found that Cys215
within the active site of the protein tyrosine phosphatase-1B
was the only cysteine residue oxidized by singlet oxygen.
Nagaoka et al. (2005), on the other hand, suggested that the
cysteine residue in an active center of the enzyme was not
oxidized by singlet oxygen. More work is clearly required to
explain the action of singlet oxygen on such enzymes.

Since the mechanism of cell death and the mode of caspase
inactivation induced by singlet oxygen remain obscure as
above we synthesized a new naphthalene endoperoxide
derivative to help elucidate the action of singlet oxygen on
cells.

2. Materials and methods
2.1. Materials
MNPE and naphthalene dipropionate endoperoxide
(NDPE) were synthesized as described previously (Aubry
et al., 1989). 1-Buthylnaphthalene-4-propionate endoperoxide
(BNPE) was synthesized using a similar method as MNPE
synthesis (Scheme 1). The structure and purity of the endo-
peroxide was determined by NMR. The half-lives of MNPE,
NDPE, and BNPE were approx. 25, 27 and 20 min at 37 �C,
respectively. The generation of singlet oxygen from MNPE
and NDPE was detected by ESR using 4,40-bis-1-p-carbox-
yphenyl- 3-methyl-5-hydroxyl]pyrazole (DRD156) as a sensi-
tive singlet oxygen-detecting probe, which specifically reacts
with singlet oxygen among the reactive oxygen species (Liu
et al., 2001). Quantitative generation of singlet oxygen from
MNPE was reported by Saito et al. (1983) and Nakano et al.
(1998).
2.2. Cell culture
The HaCaT cells, a spontaneously immortalized aneuploid
human keratinocyte cell line, were a generous gift from Dr
Fusenig (Boukamp et al., 1988). HaCaT cells and HepG2
cells, a human hepatocellular carcinoma cell line, were
maintained in Dulbecco’s modified minimal essential medium
(Sigma) containing 100 units/ml penicillin and 100 mg/ml
streptomycin supplemented with 10% fetal bovine serum
(Invitrogen). These cells were grown at 37 �C in a humidified
atmosphere containing 5% CO2 in air.
2.3. HPLC analysis of endoperoxides in cells
The delivery of endoperoxides to the cells was assessed
essentially as before (Otsu et al., 2005). After incubation with
2 mM BNPE, MNPE, or NDPE for 30 min, HepG2 cells
(5 � 106) or HaCaT cells (4 � 106) were washed with phos-
phate buffered saline (PBS) and scraped. Cells suspended in
100 ml of PBS were disrupted for 1 min by a Bioruptor
(Cosmo Bio, Tokyo, Japan) at 200 W with cooling in ice-cold
water. The sample was centrifuged at 100,000 � g for 60 min,
and the resulting supernatant (PBS extract) was saved. The
precipitate was suspended in 300 ml of ethanol by sonication
and centrifuged at 100,000 � g for 60 min. The supernatant
was saved, dried under a nitrogen stream, and dissolved in
PBS (ethanol extract). Two extracts were subjected separately
to HPLC (LC-2000; Jasco, Tokyo, Japan) on a reversed-phase
C18 column (Jasco, Tokyo, Japan). The decomposition
product, 1-methylnaphthalene-4-propionate (MNP), naphtha-
lene dipropionate (NDP), or 1-buthylnaphthalene-4-propionate
(BNP) was eluted at 40 �C at 1 ml/min. The mobile phase was
methanol/50 mM ammonium acetate, pH 7.0, with 20%
methanol for 1 min, increased to 100% methanol in 8 min, and
was kept in 100% methanol for 4 min. Absorbance of the
eluent was monitored at 230 nm. Amounts of the decomposed
compounds that had been incorporated into cells were stan-
dardized based on the recovery of a known amount of MNP,
NDP, or BNP added to the supernatant prepared from
untreated control cells.
2.4. Evaluation of the viability of cells by lactate
dehydrogenase (LDH) activity
LDH activity was measured to assess the viability of cells
after endoperoxide treatments (Otsu et al., 2005). At 24 h after
the treatments, portions of the medium were collected for
measuring LDH activity. The cells were disrupted by brief
sonication in PBS containing 0.1% Tween 20. Cellular extracts
free of debris were prepared by centrifugation at 15,000 � g
for 10 min. The reaction mixture contained 2 ml of the sample,
0.1 mM NADH, 1 mM sodium pyruvate, and 50 mM sodium
phosphate buffer, pH 7.2 in 200 ml. The initial rates of NADH
decrease were measured by monitoring the absorbance at
340 nm using a microplate reader SUNRISE Remote
(TECAN). The viability of the cells was calculated as the
percentage of LDH activity recovered in cellular extract



Br
S

C4H9 C4H9

CH2Br

C4H9

CH2CH(COOC2H5)2
C4H9

CH2CH(COOH)2

C4H9

CH2CH2COOH

C4H9

CH2CH2COOH

O
O

a b c d

e f g

Scheme 1. Reagents and conditions: (a) 2-bromothiophene, Mg, Ni(dppp)Cl2, RT, 1 h; (b) RanneyeNickel, 50 �C, 2 h; (c) paraformaldehyde, HBr, AcOH, 100 �C,

1 h; (d) dried EtOH, malonic ester, 5 h; (e) EtOH, 5% NaOH, 65 �C, 2 h; (f) 150 �C, vacuum sublimation; (g) NaOH, Na2MoO2, pH 10e11 buffer, H2O2, 1.5 h.
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against the total (cellular extract plus medium) recovered
activity.
2.5. Caspase activity assay
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Caspase activity was determined essentially as described by
Stennicke and Salvesen (1997). Acetyl-Leu-Glu-His-Asp-4-
methyl-coumaryl-7-amide and acetyl-Asp-Glu-Val-Asp-4-
ethyl-coumaryl-7-amide (Wako, Osaka, Japan) were used for
the measurement of caspase-9 and caspase-3 activity, respec-
tively. The reaction mixture contained 25 mM piperazine-1,40-
bis(2-ethanesulphonic acid) (PIPES)eKOH, pH 7.2, 5 mM
MgCl2, 10 mM dithiothreitol, 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulphonate (CHAPS), 10%
sucrose and 0.05 mM substrate in 200 ml. The initial rates of
enzymatic hydrolysis were measured at 37 �C by the release of
methyl-coumaryl-7-amide from the substrate as the emission
at 460 nm upon excitation at 380 nm using a SpectraMax
GEMINI EM Multiplate Spectrofluorometer (Molecular
Devices Corporation Japan, Tokyo, Japan) equipped with
a thermostated plate reader.
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2.6. Detection of fragmented DNA by agarose
gel electrophoresis
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DNA was isolated from HepG2 and HaCaT cells (1 � 106

cells each) according to Ishizawa et al. (1991). Isolated DNA
samples were electrophoresed on a 2% agarose gel in Trise
borateeEDTA buffer. DNA was visualized on a UV illumi-
nator after staining with 0.5 mg/ml ethidium bromide.
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2.7. Statistics
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Data are presented as the means � SD in triplicate assays.
Student’s t-test was used to compare the significance of
differences between data. Values of P < 0.05 were considered
significant.

3. Results
Fig. 1. Comparison of cytotoxic effect of endoperoxide on HepG2 and HaCaT
3.1. Cytotoxic effect of endoperoxide

cells. HepG2 cells (A) and HaCaT cells (B) were exposed to each endoper-

oxide (BNPE, MNPE, or NDPE) or its precursor compound (BNP, MNP, or

NDP) and viability of the cells was assessed by measuring LDH activity. The

means � SD of triplicate assays are shown.
To compare the cytotoxic effect of BNPE, MNPE and
NDPE, LDH release in the medium was measured after
treating cells with each compound. HepG2 and HaCaT cells
were adopted since the former cell line was used in our
previous study describing the mechanism of cell death induced
by MNPE (Otsu et al., 2005) and the latter was a spontane-
ously transformed human epithelial cell line from adult skin
which was suitable for elucidating the physiological role of
singlet oxygen. BNPE was the most effective among the three
endoperoxides. The concentration of BNPE that lead to a 50%
reduction in cellular viability (IC50) was 0.4 mM for HepG2
cells and 1.0 mM for HaCaT cells (Fig. 1). MNPE was



Fig. 2. Morphological change of cell nuclei after treating with endoperoxides or etoposide. HepG2 and HaCaT cells were treated with each endoperoxide for an

initial 2 h, changed to fresh medium, and incubated for an additional 22 h. For etoposide treatment (Etop), 0.4 mM or 0.3 mM etoposide for HepG2 or HaCaT cells,

respectively, was present at all times. After the treatments, cells were trypsinized, washed in PBS, and suspended in PBS. About 5 � 105 cells in 10 ml were stained

with 0.03 mM DAPI, and photographs were taken with a digital camera under a fluorescent microscope (Olympus BX 50, Tokyo, Japan).
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Table 1

Incorporation of endoperoxide into HepG2 and HaCaT cellsa

Cells Endoperoxides PBS extract

(nmol/106 cells per 30 min)

Ethanol extract

(nmol/106 cells per 30 min)

Total

(nmol/106 cells per 30 min) (% in ethanol extract)

HepG2 BNPE 1.194 � 0.080 2.117 � 0.109 3.310 � 0.140 (64.0)

MNPE 0.092 � 0.007 0.028 � 0.002 0.120 � 0.007 (23.6)

NDPE 0.022 � 0.005 NDb 0.022 � 0.005 (0)

HaCaT BNPE 0.179 � 0.017 0.395 � 0.059 0.574 � 0.076 (68.8)

MNPE 0.041 � 0.006 0.008 � 0.002 0.049 � 0.008 (16.9)

NDPE 0.013 � 0.001 NDb 0.013 � 0.001 (0)

a HepG2 cells and HaCaT cells were incubated at 37 �C with 2 mM each of BNPE, MNPE, or NDPE for 30 min. The cells were washed with PBS, then extracted

sequentially with PBS and ethanol as described in Section 2. The amount of endoperoxide in the extracts was determined by HPLC. Data are presented as

means � SD for triplicate samples.
b ND, not detected (less than 0.001 nmol/106 cells per 30 min).
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moderately effective and NDPE was the least effective. HepG2
cells were approximately twice as sensitive to the respective
endoperoxides as HaCaT cells. The precursor compounds
themselves exhibited cytotoxicity, which were about twice
those of endoperoxides, except those of MNP on HepG2 cells.
The effective concentration of MNPE to HepG2 cells was one
sixth that of MNP.

The morphology of nuclei of HepG2 and HaCaT cells
treated with endoperoxides was examined under fluorescent
microscopy. The morphological change of the nuclei after
treating cells with each reagent was almost the same in the
above two cell types (Fig. 2). After treatment with etoposide,
both cells exhibited fragmented nuclei representing cell death
from typical apoptosis. The nuclei after being treated with
each endoperoxide showed similar morphology to one another,
thus most nuclei were condensed and some were slightly
fragmented. These results indicate that cell death induced by
endoperoxides was not typical for apoptosis.
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Fig. 3. Antioxidants attenuate the cytotoxic effect of endoperoxides. HepG2

cells (A) and HaCaT cells (B) were preincubated with 5 mM sodium azide

(NaN3) for 30 min or 10 mM a-tocopherol (VE) for 16 h, then treated with

each endoperoxide for 2 h at 37 �C in a humidified atmosphere containing air

with 5% CO2. One day after the treatment, viability of the cells was assessed

by measuring LDH activity. CTR, control. The means � SD of triplicate

assays are shown. *P < 0.05 versus control; **P < 0.01 versus control;

***P < 0.001 versus control.
The amount of endoperoxide incorporated into cells during
the treatment was assessed in order to estimate the level of
singlet oxygen generation inside the cells. Although the
absolute values of each endoperoxide incorporated into HepG2
and HaCaT cells were different from each other, BNPE was
the most easily incorporated endoperoxide for both cells
(Table 1). The amount of BNPE incorporated into respective
cells was 3.3 � 0.14 nmol/106 cells per 30 min, and this was
about 28 times that of MNPE in HepG2 cells and
0.57 � 0.08 nmol/106 cells per 30 min, and was about 12
times that in HaCaT cells. Incorporation of NDPE into cells
was much less than that of MNPE. In addition, more than 64%
of BNPE was found in the ethanol extract, which represents
the compound incorporated in the membrane compartment,
and made a good contrast with more than 76% of MNPE and
all of the NDPE which were recovered in the PBS extract,
representing the compound incorporated in the cytosol frac-
tion. The amount of BNPE, MNPE or NDPE recovered from
HepG2 cells was 5.8-, 2.4- or 1.7-fold that recovered from
HaCaT cells. This shows that HepG2 cells are larger than
HaCaT cells. The amounts of each endoperoxide incorporated
into the above two cells differed according to the hydropho-
bicity of the compounds. This may indicate that the cell
surface of HepG2 cells can more easily be accessed by
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Fig. 4. Effect of BNPE, MNPE, or NDPE on caspase activation during cell

death. HepG2 cells (A) and HaCaT cells (B) were treated with each endo-

peroxide (E) or its precursor compound (P) for an initial 2 h, changed to fresh

medium, and incubated for an additional 15 h. For etoposide treatment (Etop),

0.4 or 0.3 mM etoposide for HepG2 cells or HaCaT cells, respectively, was

present at all times. A cellular lysate was prepared at the end of the incubation,

and activities of caspase-9 and -3 were assayed using specific substrates. CTR,

control. The means � SD of triplicate assays are shown. *P < 0.05 versus

precursor compound; **P < 0.01 versus precursor compound; ***P < 0.001

versus precursor compound.
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Fig. 5. Inhibition of caspase activity in cell extract by endoperoxides. HepG2

cells were treated with 0.4 mM etoposide for 17 h then extracted with caspase

extraction buffer. The extract containing activated caspases was incubated with

various concentrations of each endoperoxide or its precursor compound at

37 �C for 2 h. Caspase-9 (A) and caspase-3 (B) activities were assayed with

their specific substrates. Relative activities to that of the original extract were

calculated. The means � SD of triplicate assays are shown.
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hydrophobic compounds than that of HaCaT cells and/or the
membrane system, cell organelle, inside HepG2 cells is more
developed than that in HaCaT cells. It is obvious that there is
a positive correlation between cytotoxicity and the amount of
each endoperoxide incorporated in cells.
3.3. Effect of singlet oxygen inhibitors on the cytotoxicity
of endoperoxides
Investigating the mechanisms of cell death induced by
singlet oxygen in more detail, the effects of singlet oxygen
inhibitors on the cytotoxicity of endoperoxide were investi-
gated. Two inhibitors, sodium azide (Sigma) and a-tocopherol
(Sigma), were selected for this experiment since the former is
a hydrophilic and the latter is a hydrophobic compound. When
a-tocopherol was added to the culture media, the viability of
cells after treatment with BNPE increased from 40 to 90% for
HepG2 cells and from 38 to 60% for HaCaT cells (Fig. 3).
Sodium azide, on the other hand, did not attenuate the
cytotoxic effect of BNPE. In contrast to these results, the
cytotoxic effect of MNPE and NDPE was attenuated by both
the inhibitors although there was a tendency for a-tocopherol
and sodium azide to be more effective for HepG2 cells and
HaCaT cells, respectively.
3.4. Effect of endoperoxide on caspase cascade
Caspase cascade activation in endoperoxide treated cells
was examined to find the mode of cell death. When HepG2
cells were treated with endoperoxide neither caspase-9 nor
caspase-3 was activated; all the caspase activities in endo-
peroxide treated cells were lower than those in cells treated
with the respective precursor compound, except that of the
caspase-3 activity in MNPE treated cells (Fig. 4A). However,
there was a slight but significant level of caspase activation in
HaCaT cells after MNPE or NDPE treatment (Fig. 4B). Cas-
pase activity in HaCaT cells treated with BNPE were also
higher than in cells treated with BNP, although the differences
were not significant. The reason for the opposite effect on
caspase activation in HepG2 compared with HaCaT cells after
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control. Typical data from three separate experiments are shown.
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endoperoxide treatment is not clear, but it should be empha-
sized that the magnitude of caspase activation in HaCaT cells
during typical apoptosis induced by etoposide was much
higher than in HepG2 cells (Fig. 3).

Otsu et al. (2005) reported that MNPE inhibited the caspase
activity in a soluble protein fraction extracted from etoposide
treated cells. Inhibition was dose-dependent, with a half-
maximal inhibition at w1 mM MNPE. We explored whether
BNPE and NDPE had a similar inhibitory effect on caspase
activity. A soluble protein fraction containing high caspase
activity was prepared from etoposide treated HepG2 cells: it
displayed, along with BNPE or NDPE, a dose-dependent
suppression of caspase-9 and -3 (Fig. 5). The doseeresponse
curves of BNPE and NDPE were essentially the same as those
of MNPE with a half-maximal inhibition at 1 mM for HepG2
cells and 2 mM for HaCaT cells. The data suggest that none of
the three endoperoxides has a specific affinity for caspases,
and singlet oxygen attacks some site(s) away from the
enzymes. The precursor compounds had only a slight effect on
caspase activity even at the highest concentrations.

DNA ladder formation is one of the representative
phenomena evoked by caspase cascade activation, and is the
most common criterion of apoptotic cell death. DNA was
extracted from HaCaT cells treated with endoperoxides. DNA
ladder formation was much less in cells treated with endo-
peroxide than in cells treated with etoposide (Fig. 6), indi-
cating that both BNPE and NDPE also induce cell death
through an abortive apoptotic pathway, as previously reported
with MNPE (Otsu et al., 2005).
4. Discussion

Although naphthalene endoperoxide derivatives have been
used in research during the past two decades, only a few reports
describe their delivery to cells. Only Klotz et al. (1999) reported
quantitative data on the incorporation of endoperoxides into
cells, finding that lipophilic N,N0-di(2,3-dihydroxypropyl)-1,4-
naphthalene dipropionate endoperoxide was easily incorporated
into cells, but NDPE was barely detectable. The data presented
in Table 1 are consistent with those of Klotz et al. (1999). Thus,
hydrophobic BNPE was easily incorporated into cells, but
hydrophilic NDPE was not. In addition to these, the sequential
extraction procedure with PBS and ethanol that was adopted
gave intimate information about the cellular compartment
where each endoperoxide was incorporated. The data show that
endoperoxide had a characteristic pattern in its delivery into
cellular compartments, and suggests that the sites and amounts
of singlet oxygen generation after the three endoperoxide
treatments were different from one another. Furthermore, since
BNPE might generate singlet oxygen inside the cellular
membrane, and the site where singlet oxygen initiates the
cutaneous signaling events after UVA radiation is the cell
membrane or some molecules closely associated with it (Klotz
et al., 2001; Wenk et al., 2004), BNPE should be the most
suitable naphthalene endoperoxide derivative for mimicking the
physiological effects of singlet oxygen during UVA radiation.

The cytotoxic effect of BNPE was attenuated by a-tocoph-
erol but not by sodium azide, and the cytotoxic effects of MNPE
and NDPE were attenuated by both inhibitors (Fig. 3). BNPE is
moderately hydrophobic and two-thirds may be incorporated
into the membrane compartment of cells (Table 1). a-Tocoph-
erol is also hydrophobic, and is incorporated into the membrane
compartment of cells (Otsu et al., 2005). Therefore, a-tocoph-
erol could attenuate the cytotoxic effect of BNPE because these
two compounds are supposed to exist in close proximity to one
another. Since sodium azide is hydrophilic, it can attenuate the
effect of the above two hydrophilic endoperoxides. The fact that
a-tocopherol attenuated the cytotoxic effect of hydrophilic
endoperoxides suggests that the component(s) inside or the
close proximity of cellular membrane, e.g. cytochrome c (Suto
et al., 2005), are possible primary targets of singlet oxygen and
mitochondria could be heavily involved in cell death.

Cell death induced by three naphthalene endoperoxide
derivatives was not associated with typical caspase cascade
activation, as with etoposide treatment (Fig. 4). This is
inconsistent with the previous reports that cell death induced
by singlet oxygen is accompanied by caspase activation
(Granville et al., 1998; Valencia and Moran, 2004; Ding et al.,
2004; Wieder et al., 2006). All these studies had utilized
photosensitizer as singlet oxygen generators. Free radicals, in
addition to singlet oxygen, are generated when a photo-
sensitizing reaction is used (Halliwell and Gutteridge, 1999),
and many reports describe cell death induced by free radicals
as being accompanied by caspase activation (e.g. Ryter et al.,
2007). Therefore, caspase cascade activation after the photo-
sensitizer reaction may not be the result of singlet oxygen, but
of free radicals.
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Collectively, the amount and compartment of singlet
oxygen generation in cells treated with the three endoperox-
ides seem different from each other. Nevertheless, they
exhibited a similar inhibitory effect on caspase cascade acti-
vation during cell death. Thus an abortive apoptotic pathway
due to the suppression of caspase activation could be a general
feature of cell death induced by singlet oxygen.
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