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Abstract—Tributyltin is broadly used as a preserving agent mainly for wood
textiles and in antifouling paints on ships, leading to severe contamination of
aquatic ecosystems. We here examined the effect of tributyltin chloride (TBT–
Cl) on the vacuolar-type proton-translocating ATPase (V-ATPase), a proton
pump, distributed in a variety of acidic organelles and specialized plasma
membranes, playing a fundamental role in cellular pH homeostasis. TBT–Cl
inhibited the V-ATPase activity of the vacuolar membrane vesicles from
Saccharomyces cerevisiae with the IC 50 of about 200 nM. The growth of S.
cerevisiae was inhibited by TBT–Cl with the IC50 of about 1 µM, and
fluorescence microscopic observation of quinacrine showed that vacuolar
acidification of S. cerevisiae cells was blocked by this reagent. TBT–Cl
inhibited growth of human culture cell lines, extraskeletal myxoid
chondrosarcoma H-EMC-SS. Fluorescence microscopic observation of acridine
orange as the pH indicator showed that TBT–Cl blocked the internal pH
acidification of acidic organelles, such as lysosomes, in cells. These results
suggest that V-ATPase is the possible target of tributyltin chloride in disruption
of pH homeostasis.
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INTRODUCTION

Organotin compounds are of widespread use in many different areas for more
than 60 years. Tributyltin is broadly used as a preserving agent mainly for wood
textiles and in antifouling paints for marine vessels, quays and buoys. It is also
used as a biocide in cooling systems and as an organometallic chemical in diverse
applications (Fent, 1996; IPCS, 1999; USEPA, 2003). Triphenyltin is applied in
agriculture as a pesticide. Dioctyl-, mono-, and dibutyltin serve as stabilizers in
plastics and are therefore found in many products of daily use. Tributyltin is
extremely stable and resistant to natural degradation in water. Although the use
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and production of tributyltin are now strictly regulated, tributyltin and its
degradation products, dibutyltin and monobutyltin, were leading to severe
contamination of aquatic ecosystems (Iwata et al., 1995; Tanabe et al., 1998;
USEPA, 2003).
Tributyltin is lipophilic and easily accumulated in animal tissues, being
toxic to mammalian species. There is, however, limited information available on
human exposure to this compound. Based on immunological toxicity in rats, a
proposed tolerable daily intake of 0.25 µg/kg body weight per day was calculated
for humans (Penninks, 1993). Human exposure is possible via contaminated
water or food, or professional exposure due to the use of tributyltin-containing
wood and paints (USEPA, 2003). Since butyltin compounds have bee used to
stabilize polyvinyl chloride, they have been found in drinking water, municipal
wastewater and sludge. Tributyltin is mainly found in fish, meat and dairy
products (Kannan et al., 1995).
The general toxicity of organotin compounds is complex and not well
understood. Studies with animals have suggested that the spectrum of potential
adverse chronic systemic effects of organotins in human includes primary
immunosuppressive, endocrinopathic, neurotoxic, metabolic, and enzymatic
activity, as well as potential ocular, dermal, cardiovascular, upper respiratory,
pulmonary, gastrointestinal, blood dyscrasias, reproductive/teratogenic/
developmental, liver, kidney, bioaccumulative, and possibly carcinogenic activity
(Antizar-Ladislao, 2008).
There were the experiments using a variety of cell types, including thymocytes
(Gennari et al., 2000), neuronal cells (Viviani et al., 1995), Jurkat lymphoma
cells (Stridh et al., 1999), natural killer cells (Whalen et al., 1999) and hepatocytes
(Jurkiewicz et al., 2004; Grondin et al., 2007), to investigate the direct effect of
organotin. Tributyltin and triphenyltin inhibited osteoclast differentiation
(Yonezawa et al., 2007) and the aromatase activity in human granulose-like
tumor cell line (Saitoh et al., 2001). Furthermore, it was reported that tributyltin
induced apoptosis in a variety of cell lines (Viviani et al., 1995; Stridh et al.,
1999; Whalen et al., 1999; Gennari et al., 2000; Jurkiewicz et al., 2004; Grondin
et al., 2007). Apoptosis is an active cellular death process characterized by
distinctive morphological changes that include chromatin condensation, cell
shrinkage, nuclear disintegration, plasma membrane blebbing, to become known
as apoptotic bodies. Although many pathways were proposed for apoptotic
signaling along with various cell types, activation of initiator caspase is the first
step of apoptosis occurring with the cellular events, such as activation of cytokine
mediated death receptor pathway, cytochrome c release from mitochondria, upregulation of cytoplasmic calcium and cellular acidosis (Karwatowska-Prokopczuk
et al., 1998; Kim et al., 2006; Bernardi and Rasola, 2007). Tributyltin induced
cytochrome c release from isolated rat mitochondria (Nishikimi et al., 2001;
Gogvadze et al., 2002). In addition, it was suggested that tributyltin could be
related to changes in intracellular calcium ion and inducing apoptosis (Aw et al.,
1990; Chow et al., 1992; Viviani et al., 1995; Reader et al., 1999; Stridh et al.,
1999; Gennari et al., 2000; Nakatsu et al., 2006; Grondin et al., 2007). However,
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there is no observation for the effect of tributyltin, as a disrupter of cellular ion
homeostasis, on cellular acidosis. We here examined the effect of tributyltin
chloride (TBT–Cl) on the vacuolar-type proton-translocating ATPase (V-ATPase),
a proton pump, distributed in a variety of acidic organelles and specialized plasma
membranes, playing a fundamental role in cellular pH homeostasis (Nishi and
Forgac, 2002).
MATERIALS AND METHODS

Cell culture and chemicals
H-EMC-SS (Extraskeletal Myxoid Chondrosarcoma) and KU812 (basophilic
leukemia) cells were obtained from RIKEN Cell Bank (Tukuba, Japan). Cells
were cultured in the medium of RPMI1640 containing 10% fetal bovine serum
(FBS; GIBCO). TBT–Cl was purchased from Sigma-Aldrich. Concanamycin A
and acridine orange were obtained from Wako (Tokyo, Japan). Phosphate buffer
saline (PBS) was prepared by using ready-made salt as a manufacture’s instructions
(NISSUI PHARMACEUTICAL Co., Ltd., Tokyo, Japan). Trypan blue and
trypsin were purchased from GIBCO. Saccharomyces cerevisiae (BY4741) cells
were aerobically cultured at 30°C in the standard complex medium YPD (2%
polypeptone, 1% yeast extract, 2% glucose).
Effect of TBT–Cl on the cell growth
Human cell lines (5 × 105 cells) were cultured in 35 mm culture dishes in the
medium of RPMI1640 containing 10% FBS and various concentration of TBT–
Cl or dimethyl sulfoxide (DMSO) as a control. After 40 hours, KU812 cells were
stained by trypan blue (final concentration was 0.02%) and then viable cells were
counted by counting chamber. In case of H-EMC-SS cells, after culture medium
was removed, cells were once washed by 2 ml of PBS and treated by 0.1 ml of
0.25% trypsin/PBS for strip the cells. After trypsin activity was inhibited by
adding 0.1 ml of FBS, cells were suspended in PBS containing 0.02% trypan blue
to a final volume of 1 ml. Viable cells were counted by cell counting chamber.
Growth inhibition effect was calculated by % of viable cells against control of
DMSO. For the growth of S. cerevisiae, TBT–Cl at a concentration of 0, 1, 5 or
15 µM was added to the YPD culture at OD 660 = 0.1. Effect of TBT–Cl on the cell
growth was followed by the measurement of turbidity.
Detection of pH change in acidic organelles
Change of acidic organelles in human cell lines were done by staining with
acridine orange after treated with TBT–Cl or concanamycin A, a specific H+-VATPase inhibitor (Dröse and Altendorf, 1997). H-EMC-SS cells were cultured on
35 mm culture dishes 70% confluently, the cells were incubate in Tyrode’s buffer
(137 mM NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4–2H2O, 1 mM MgCl2–6H2O, 12
mM NaCO3, 1.8 mM CaCl2–2H2O, pH 7.4) containing DMSO, TBT–Cl or
Concanamycin A for 10 minutes. Remove the reagents from the dish, cells were
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incubated at room temperature in acridine orange solution (5 µ M) for 10 minutes.
After wash the cells three times by 2 ml of Tyrode’s buffer, and then cells were
observed using fluorescence microscope (Nicon). The acidification of yeast
vacuoles was monitored by following the accumulation of quinacrine (Rothman
et al., 1989). Approximately 4–5 × 106 yeast cells were harvested, resuspended
in 500 µl of YPD buffered with 100 mM Hepes (pH 7.6) containing 200 µM
freshly prepared quinacrine and incubated with shaking at room temperature for
5 min. Cells were sedimented at 10,000 × g for 5 s and resuspended in 50 µl of
2% glucose buffered with 100 mM Hepes (pH 7.6). 3 µl samples were applied to
a microscope slide and visualized immediately with fluorescence microscope.
Cells were viewed under phase contrast optics to observe cell morphology and in
fluorescence mode using a fluorescein filter with a 40× objective to observe
quinacrine staining.
The ATPase assay
The vacuolar membrane vesicles were isolated from S. cerevisiae BY4741
cultured in the standard YPD medium as described previously (Ohsumi and
Anraku, 1981; Kakinuma et al., 1981). The ATP hydrolytic activities of the
vacuolar membrane vesicles were measured as described previously (Kakinuma
et al., 1981).
RESULTS AND DISCUSSION

Inhibition by TBT–Cl of S. cerevisiae vacuolar ATPase
Organotins have been known for decades to act as potent inhibitors of the
F0F1 ATP synthase distributed in mitochondria, chloroplast and oxidative bacteria
(Barrett and Selwyn, 1976; Cain and Griffiths, 1977; Matsuno-Yagi and Hatefi,
1993). It is now accepted that inhibition by TBT–Cl of F0F1 ATP synthase was
caused by binding of TBT–Cl on the ion channel moiety, the a subunit, of F0F1
ATP synthase (von Ballmoos et al., 2004). Vacuolar-type H+-translocating
ATPase (V-ATPase) is the proton pump widely distributed in from bacteria to
higher organisms (Nishi and Forgac, 2002). V-ATPase resembles to F0F 1 ATP
synthase in structure and molecular mechanism. It is expected that organotin
compound such as tributyltin chloride acts on the vacuolar ATPase. However, the
toxic effect of organotin to the V-ATPase was not well investigated; it has been
reported that tributyltin inhibited the ATPase activity of the vacuolar ATPase in
a plant (Smith et al., 1984). We here examined the ATP hydrolytic activity of the
V-ATPase of the vacuolar membrane vesicles of S. cerevisiae, and found that the
V-ATPase is inhibited by TBT–Cl with the Ki value of approximately 200 nM.
In the previous paper (Uchida et al., 1985), interestingly, it has been reported that
the ATPase activity of the V1 catalytic headpiece of V-ATPase was inhibited by
100 µM. These results suggest that the target site of tributyltin in V-ATPase is the
membrane-embedded portion V0, likely Vph1 subunit (a subunit) as well as the
a subunit of F0F1 ATP synthase.
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Fig. 1. Growth inhibition by TBT–Cl of H-EMC-SS. H-EMC-SS cells were cultured in various
concentrations of TBT–Cl and DMSO as a control. Percentage of viable cell number against
control was calculated (n = 3). EC 50 was 260 nM.

Control (DMSO)

TBT (250 nM)

Fig. 2. Morphological change of H-EMC-SS cells in the presence of TBT–Cl. H-EMC-SS cells were
cultured in the medium 10% FBS/RPMI1640 containing DMSO or 250 nM TBT. After 56 hrs,
apoptotic cells were observed under a microscopy.

Inhibition by TBT–Cl of vacuolar acidification in S. cerevisiae
Vacuolar acidification of S. cerevisiae is important for cell physiology, such
as cytoplasmic pH homeostasis, protein degradation, metabolite compartmentation
in yeast (Wada and Anraku, 1994). The V-ATPase is indispensable for acidification
of vacuoles in yeast. The mutant defective in the V-ATPase activity did not grow
at standard pH condition (Anraku et al., 1992). The effect of TBT–Cl on the
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Fig. 3. Fluorescence of acridine orange in cells treated with TBT–Cl or concanamycin A, a specific
V-ATPase inhibitor. DMSO, treated with dimethyl sulfoxide; TBT, 100 nM TBT–Cl; ConA, 50
nM concanamycin A. White arrows indicate acidic organelles stained with acridine orange in red
color. Many red pigments like these were observed in the cell treated with DMSO, but in the cells
treated with TBT–Cl or concanamycin A were not, only green fluorescence (see color image in
the web data).

growth and vacuolar acidification in S. cerevisiae was examined. The cell growth
was inhibited with IC50 of about 1 µM, and microscopic observation of quinacrine
fluorescence revealed that vacuolar acidification was impaired by the addition of
500 nM TBT–Cl (data not shown). It has been reported in S. cerevisiae that Pdr5
multidrug resistance transporter five-fold increased the resistance of yeast to
tributyltin (Golin et al., 2000). Although it is likely that TBT–Cl attacks not only
the V-ATPase but also other physiologically important reactions, these results
suggest that the V-ATPase indispensible for the growth of yeast is one of the
crucial targets of TBT–Cl.
Inhibition by TBT–Cl of cell proliferation of H-EMC-SS and KU812 cell line
Effect of tributyltin on a variety of cell types, including thymocytes,
neuronal cells, Jurkat lymphoma cells, natural killer cells, keratinocyte and
hepatocytes, were studied. However, there is no report on the effect of TBT–Cl
on extraskeletal myxoid chondrosarcoma cells (H-EMC-SS) (Fig. 1) and basophilic
leukemia cells (KU812) (data not shown). The growth of these cells was inhibited
by TBT–Cl with EC50 for H-EMC-SS of 260 nM (Fig. 1) and for KU812 of 320
nM (data not shown), respectively. Considering the efficacy of TBT–Cl to the
growth of S. cerevisiae as described above, the sensitivities to TBT–Cl of these
mammal cell lines is nearly equal to the sensitivity of yeast. When H-EMC-SS
and KU812 cells were incubated longer with TBT more than 2 days, apoptosis
was induced (Fig. 2). It has been reported that the cytoplasmic acidification
triggers apoptosis (Gottlieb et al., 1996; Barriere et al., 2001). The specific
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inhibitor of the vacuolar ATPase, such as concanamycin A (Dröse and Altendorf,
1997), induced apoptotic cell death of a variety of cells (Nishihara et al., 1995).
Therefore, it is likely that the blockage by TBT–Cl of the V-ATPase induced
apoptosis of H-EMC-SS and KU812 cells through the cytoplasmic acidification.
Inhibition by TBT–Cl of organelle acidification in cultured cells
Organelle acidification such as lysosome is monitored by fluorescence of
acridine orange (Hong et al., 2006). Fluorescence microscopic observation of
acridine orange showed that organelle acidification was inhibited by addition of
concanamycin A at 50 nM (Fig. 3B). When cells were treated with 100 nM TBT,
acidification of organelles was also inhibited (Fig. 3C). Based on the results of the
effects of TBT–Cl on the V-ATPase and the cell growth of S. cerevisiae, these
results suggest that TBT inhibited organelle acidification via inhibition of the
lysosomal V-ATPase. Although the cytoplasmic acidification was not clearly by
observation of acridine orange fluorescence, it is likely that the vacuolar ATPase
is the target of TBT–Cl, inducing apoptosis likely via the cytoplasmic acidification.
Recently it was reported that TBT–Cl induced cytoplasmic acidification in
hepatocytes (Grondin et al., 2007). As TBT–Cl-induced cytoplasmic acidification
was stopped by DIDS, the inhibitor of Cl –/HCO 3– exchanger (Rothstein and
Ramjeesingh, 1980) or Bapta-AM, calcium chelator, it was speculated that a
change in calcium homeostasis triggers apoptosis (Grondin et al., 2007). However,
there is so far no evidence for the direct interaction of TBT–Cl with the
machinery, such as calcium channel, for calcium homeostasis. Instead, we
consider that the effect of TBT–Cl on the V-ATPase of acidic organelles is crucial
for pH homeostasis as well as calcium homeostasis (Aw et al., 1990; Chow et al.,
1992; Viviani et al., 1995; Reader et al., 1999; Stridh et al., 1999; Gennari et al.,
2000; Grondin et al., 2007; Nakatsu et al., 2006), inducing apoptosis. This is the
first report suggesting the possibility of that the V-ATPase is one of the critical
targets of TBT–Cl although the details of cytoplasmic acidification requires
further investigation. In any case, the intracellular ion homeostasis (Schreiber,
2005) is important for understanding the toxicity of organotin compounds.
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