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B-Thujaplicin (4-isopropy! tropolone, hinokitiol), a derivative of aromatic seven-
membered tropolone and a constituent of woody essential oils isolated from
Cupressaceae, exerts antibacterial and antifungal activities. It is known that
tropolone derivatives act as lipophilic chelators of divalent cations and that they
form complexes with Fe?*, Ca*, Mg™ and other divalent cations (Bryant et al.,
1953). Although the mechanism by which B-thujaplicin causes toxicity is unclear,
cytotoxic effects may involve the chelation of metals necessary for the biological
activity of critical enzymes in mammalian tumor cells or blastic cells (Inamori et al.,
1993; Muto ct al., 1995) and the impairment of mitochondrial function in rat
hepatocytes (Nakagawa and Tayama, 1998). There is little information available
on target organs of B-thujaplicin in experimental animals. However, we have found
in a preminary study that thymus in rats may be a target for B-thujaplicin: this
compound caused thymic atrophy (unpublished data, Nakagawa and Tayama). It
is known that immature thymocytes are a highly sensitive to a number of chemicals
including environmental toxins and reactive oxygen species, and further that the
cells are extremely susceptible to undergoing activation of an endogenous suicide
mechanism which hasbeen termed apoptosis (programmed cell death) distinct from
necrosis (McConkey et al., 1988; Cohen and Duke, 1984; Cohen et al., 1994;
Sandstrom etal., 1994). Some trialkyltins, in particular tributyltin derivatives, cause
acute cytotoxicity accompanied by apoptosis in rat thymocytes (Aw et al., 1990;
Wyllie et al. 1980). In the present study, we have investigated 1) the cytotoxic
effects of P-thujaplicin on rat immature thymocytes and ii) the preventive ettects
of B-thujaplicin on tributyltin-induced thymocyte damage.

MATERIALS AND METHODS

The chemical compounds used were obtained from the following companies: 8-
thujaplicin (2-hydroxy-4-isopropyl-2,4,6-cycloheptatrien-1-one) and tri-n-butyltin
chloride (tributyltin) (purities of >96%) from Tokyo Kasei (Tokyo, Japan);
proteinase K and RNase (DNase-tree) from Wako Chemicals (Osaka, Japan); and
disodium ethylenediaminetetraacetate (EDTA), quin-2 AM, BAPTA AM and
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adenine nucleotides from Sigma (St. Louis, MO). All other chemicals were of the
highest purity commercially available.

Male F344/DuCrj rats were obtained from Charles River Japan (Yokohama, Japan)
and were allowed food (CE-2, Clea Japan Inc., Tokyo) and water ad libitum before
thymocytes were prepared. Thymic glands were dissected 5- or 6-week-old rats
and thymocytes were prepared by mincing the glands inice-cold phosphate buffered
saline (PBS; Ca*-free, pH 7.4). Thymocytes (5x10° cells/mL) were suspended in
RPMI 1640 medium (pH 7.3) supplemented with 10 mM HEPES and 2% heat
inactivated fetal calf serum. All incubations were performed in rotating, +round-
bottomed flasks at 37°C, under an atmosphere of 95% air and 5% CO, during the
experiments. Cell viability was assessed by exclusion of 0.16% Trypan blue, and
initial cell viabilities were >95 %. Reactions were started by the addition of B-
thujaplicin dissolved in dimethyl sulfoxide (DMSO; tinal concentration <1%).
Aliquots of incubation mixture were taken at intervals for the assessment of cell
death, concentration of adenine nucleotides and determination of DNA
fragmentation. Inanother experiment with tributyltin, B-thujaplicin and some Ca®*
chelators were added to thymocytes in RPMI 1640 medium 20 min before the
addition of tributyltin dissolved in PBS. The concentrations of these compounds
used were based on previous works (Aw et al., 1990; Nakagawa and Tayama,
1998).

Adenine nucleotides in thymocytes were determined by a modification of the HPLC
methods, as described by Jones (1981). DNA fragments were analyzed using a
slight modification of the procedure of Wyllie et al. (1980). Thymocytes (1x10’
cells) were centrifuged at 3000 rpm for 5 min. The collected cells were
resuspended in PBS and then recentrifuged. The rinsed cells were lysed with 200
uL of a solution of containing 20 mM Tris-HCI (pH 8.0), 20 mM EDTA and 0.2%
Triton X-100. After lysis in ice-water for 10 min, the lysates were centrifuged at
12,000 rpm for 30 min to separate intact chromatin in the pellet fraction from
fragmented DNA in the supernatant fraction. DNA contents in both fractions were
assayed using diphenylamine reagent according to the procedure of Burton et
al.(1956). The percentage of DNA fragmentation is expressed as a percentage of
the amount of DNA in the supernatant fraction (fragments) to the total of the DNA
in both pellet and supernatant fractions. An aliquot of the supernatant fraction
obtained above was incubated with RNase (20 pg) for 1 hour at 37°C and then
with proteinase K (20 ng) for another hour. After the incubation, the incubation
mixture was added NaCl (final 0.5 M) and isopropyl alcohol (final 50%) and
followed to precipitate DNA fragments at -20°C for overnight. The precipitated
DNA fragments were redissolved in a solution containing 20 mM Tris-HCI (pH 8.0)
and 20 mM EDTA and the solution was subjected to electrophoresis on 2%
agarose gels. After the electrophoresis DNA fragments on the gel were visualized
following reaction with cthidium bromide. One hundred base-pair ladder
(Pharmacia Biotech AB, Uppsala, Sweden) was used as a molecular size standard.
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Statistical analysis was performed by one-way analysis of variance, tollowed by a
Dunnett’s multiple comparison test. Statistical significance was assumed at p<
0.0s.

RESULTS AND DISCUSSION

The incubation of thymocytes with B-thujaplicin (0- 2 mM) caused a concentration-
and time-dependent cell killing accompanied by the loss of intracellular ATP (Fig.
1A and B). The pretreatment of the thymocyte suspension with EDTA (1 mM),
ahydrophilic chelator, enhanced the cytotoxicity of B-thujaplicin at concentrations
of 1 and 2 mM, accompanied by the depletion of intracellular levels of ATP. To
investigate the possible involvement of apoptosis and/or necrosis in B-thujaplicin-
induced cell death, the amount of DNA damage was determined, measured as the
formation of soluble low-molecular weight fragments of double-stranded DNA in
thymocytes (Fig.1C). Although the amount of spontaneous DNA fragments in
untreated or EDTA-treated thymocytes increased during the incubation, -
thujaplicin decreased the amount of fragments during a 4.5 hr-incubation. In
addition, the Ievel of DNA fragments decreased with B-thujaplicin was enhanced
by the pretreatment with EDTA during the incubation. These effects of -
thujaplicin at 0.5 mM were similar to those of thymocytes treated with EDTA alone
(data not shown in Fig.1).

The fraction of DNA fragments isolated from thymocytes at 3 hr after exposure to
B-thujaplicin was subjected to agarose gel electrophoresis (Fig. 2). The
intranucleosomal cleavage of DNA during apoptosis produced a “ladder” pattern
of DNA fragments on the gel comprising multiples of approximately 180 base-pairs
(McConkey etal., 1988). Spontaneous DNA fragmentation was found in untreated
thymocytes during a 3 hr-incubation. Despite this, the amounts of DNA fragments
in the ladders derived from thymocytes treated with B-thujaplicin or B-thujaplicin
plus EDTA were less than those derived from untreated thymocytes.

Treatment of thymocytes with 1 uM tributyltin caused a time-dependent cell death
accompanied by an increase in the amount of DNA fragments , i.¢., approximately
45% nonviable cells and 35% DNA fragmentation after 6 hr incubation (data not
shown). To determine the effect of B-thujaplicin on tributyltin-induced cytotoxicity,
thymocytes were preincubated with B-thujaplicin or known intracellular Ca®
chelators, quin-2 AM and BAPTA AM. The result in Table 1 shows that -
thujaplicin (0.1 mM) at a non-cytotoxic concentration effectively prevented
tributyltin (1uM)-induced cell killing (at 3 hr) accompanied by the inhibition of
DNA fragmentation, showing integer multiples of approximately 180 base-pairs.
The preventive effect of B-thujaplicin is more potent than that of both Ca®*
chelators.

The results obtained in the present study have demonstrated that incubation of rat
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Figure 1. Effects of B-thujaplicin and/or EDTA on cell death (A), and intracellular levels
of ATP (B) and DNA fragments (C) in isolated rat thymocytes (5 x 10°cells/mL). EDTA
(1 mM) was added to the thymocyte suspensions 20 min prior to exposure of [3-thujaplicin.
Treatments are: no addition (O), 1 mM EDTA (@), 1 mM B-thujaplicin (A), 2 mM f-

thujaplicin ((0), 1 mM EDTA plus 1 mM [B-thujaplicin (A ) and 1 mM EDTA plus 2 mM

f-thujaplicin (M). Values in (A) and (B) are the means * S.E. of three experiments, and
values in (C) are the means of two experiments.

thymocytes with $-thujaplicin causes a concentration- and time-dependent
cytotoxicity, which is accompanied by theloss of intracellular ATP. Because the
mitochondria in thymocytes, as in other cells, are the main site of energy
production, impairment of their function results in a decrease in the rate of cellular
ATP synthesis and nucleotide levels. Mitochondrial dysfunction and its
consequences are common mechanisms of cytotoxicity caused by a wide range of
chemicals and a number of pathological conditions (Nieminen et al., 1990; Kehrer
et al., 1990; Nakagawa and Moldéus, 1998).

The property of B-thujaplicin as a chelator of divalent cation may be important
to the various cellular functions associated with the cations. B&hme et al. (1980)
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Figure 2. Agarose gel electrophoresis of DNA fragments isolated from thymocytes
treated with [3-thujaplicin and/or EDTA for 3 hr. EDTA (1 mM) was added to the
thymocyte suspensions 20 min prior to exposure of B-thujaplicin (1 or 2mM). Lane 1,
DNA molecular weight calibration standard corresponding to multiples of 100 base pairs;
lane 2, untreated; lane 3, 1 mM EDTA; lane 4, 1 mM f-thujaplicin; lane 5, 2 mM pB-
thujaplicin; lane 6, 1 mM EDTA plus 1 mM B-thujaplicin; lane 7, 1 mM EDTA plus 2
mM PB-thujaplicin.

Table 1. Effects of B-thujaplicin and Ca®* chelators on tributyltin-induced cytotoxicity
in rat thymocytes.

Treatments Cell death ATP DNA fragments
(%) (nmol/5x10° cells) (%)
None 6.2+0.7 9.8+0.4 120+1.7
tributyltin (1 uM) 31.4+3.6* 51+1.0% 25.1+2.9*%
+ P-thujaplicin (0.1mM) 7.7%x2.1 103+ 0.3 8.2+ 1.0*

+ quin-2 AM (0.1 mM) 14.9 = 2.0%" 8.9 £0.5*% 12.8 £0.9"
+ BAPTAAM (0.1 mM) 17.5+2.8*" 8.0 £0.6*" 143+24"

Thymocytes (5 x 10° cells/mL) suspended in RPMI 1640 medium (pH 7.3) supplemented
with 10 mM HEPES and 2 % heat inactivated fetal calf serum were incubated with
tributyltin (1 uM) for 3 hr. B-Thujaplicin and Ca® chelators at the concentration of 0.1
mM added the cell suspension 20 min prior to addition of tributyltin. Values are the means
+ S.E. of three experiments.

* Significant difference from values for untreated thymocytes (p<0.05).

1 Significant difference from values for B-thujaplicin-treated thymocytes (p<0.05).
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have reported that the ability as a lipophilic chelator of [B-thujaplicin to extract
mitochondrial Mg** is related to an impairment of mitochondrial respiration.
Although tropolones containing B-thujaplicin form a complex with Ca** and Mg**
in Krebs-Henseleit butfer, the affinity of tropolones for the divalent cations is less
than that of EDTA. Inaddition, tropolones bound to cations are easily substituted
for EDTA, whichis a highly hydrophilic chelator that does not easily enter into cells
(Nakagawa and Tayama, 1998). Therefore, the hydrophobicity of B-thujaplicin
was dependent on the presence of Ca®* and Mg™ in the incubation medium.
Unchelated B-thujaplicin may easily pass through the cell membrane and access
intracellular targets such as mitochondria and some metal containing proteins. This
is supported as the cytotoxicity of B-thujaplicin in thymocytes is enhanced by the
presence of EDTA (Fig. 1).

The damage of thymocytes can be triggered experimentally by a variety of extra-
and intra-cellular stimuli including environmental toxins (McConkey et al., 1988},
hormones (Cohen and Duke, 1984), and synthetic derivatives (Raffray and Cohen,
1991; Nakagawa et al., 1997; Lutz et al., 1998). Immature thymocytes are capable
of activating an endogenous suicide mechanism which has been termed “apoptosis”
(McCabe et al., 1993; Raftray and Cohen, 1993). Despite this, the incubation of
immature normal thymocytes with B-thujaplicin inhibited DNA fragmentation,
a biochemical hallmark of cells undergoing apoptosis (Montague and Cidlowski,
1996), but induced cell death accompanied by the loss of intracellular ATP (Fig.
1). The B-thujaplicin-induced cytotoxicity enhanced by the addition of EDTA may
be associated with necrotic death rather than apoptotic death, because induction of
DNA fragmentation in thymocytes was inhibited by EDTA plus B-thujaplicin.

The toxic effects of tributyltin have been attributed to a disturbance of
macromolecular synthesis, reduction of DNA synthesis, and direct interaction with
the cell membranes and elevation of the intracellular Ca® level (McCabe et al.,
1993). DNA fragmentation is catalyzed by an endonuclease that is stimulated by
Ca® : many agents that elevate intracellular Ca® induce thymocyte apoptosis, and
Ca* chelators which buffer intracellular Ca®* prevent the apoptosis (McConkey et
al., 1998). Aw et al. (1990) have suggested that tributyltin-induced toxicity in rat
thymocytes is involved in apoptosis and/or DNA fragmentation via the activation
of a Ca®- and Mg**-dependent endogenous endonuclease by elevation of the
intracellular Ca®* level. These results indicate that -thujaplicin, a hydrophobic
chelator, as well as other intracellular Ca** chelators could significantly prevent
tributyltin-induced thymocyte killing accompanied by the inhibition of DNA
fragmentation.

In conclusion, the present study shows that in immature rat thymocytes, a
hydrophobic chelator -thujaplicin elicits a dose-dependent cell death with
intracellular ATP loss, and that the cytotoxicity without DNA fragmentation is
enhanced in the presence of a hydrophilic chelator EDTA. In contrast, B-thujaplicin
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at a nontoxic concentration (0.1 mM) effectively prevents tributyltin-induced cell
killing, accompanied by the inhibition of DNA fragmentation of thymocytes.
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