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A~~e~~us studies showed that S-(1;2-di~ro~y~)~L-e~e~~ perturbs ~~~~u~~ Ca2* 
borneostasis fvamvakas et al. * 84~2 ~~~~013% 455-461, 199Q], The objective of the present study 
was to investigate the ceUufar events that precede and that follow ~-(~,2_dichloro~nyl~-L-~stei~e- 
induced mitochondrial Caz+ release. In incubations with isolated kidney mitochondria, S-(1,2- 
dichlorovinyl)-t-cyst&e-induced Ca 2+ effhrx is preceded by increased oxidation of mitochcmdrial 
pyridine nucieotides and is prevented by ATP, an ~hibitor of the hydrolysis of pyridine nucleotides, 
and by beg-iodobe~~~a~dine, an acceptor of ADP-Bose moieties. In LLC-PK, cells, elevation in 
the cytosolic Ca2+ concentration is followed by a several-fold increase in DNA double-strand breaks 
which is attributed to the activation of Ca2+- and Mgz+-dependent endonucieases. The formation of 
DNA double-strand breaks is followed &y increased ~ly(A~~-~~sy~ation) of nuclear proteins. S- 
(f ,2-~chlo~~nyi~-~~ys~eine-~n~ed cytotoxicity in LLC-FKr c&s is blocked by chelation of cytoschc 
Caz* with Quin-2, by i&ii&ion of DNA fra~entatioo with an~nt~ca~xylic acid sod by inhibition 
of increased ~ly(ADP-~~yl~tr~sferase activity by 3-aminabe~~de, These findings indicate that 
~-(1,2-dic~or~~nyl)-L-~steine bioaetivation in renal cells may initiate the fo~o~ng cascade of events: 
increased oxidation and hydrolysis of ~t~hond~~ pyridine nucfeotides resulting in the rn~ifi~tjon 
of ~t~oo~~ membrane proteins by pyridine nuc~eot~~-delved ADP-r&se moieties, followed by 
Cati release. Elevated Ca2* ~~ntrat~o~ may activate ~~~-~~nd~nt endonltcfeases, which leads 
to DNA ~~entatioa followed by increased ~ly(A~P-~~~la~ou~ of nuclear proteins and, finally, 
cytotoxicity. 

S-(I,&Dichiorovinyl)-L-cystelne is the key metab- 
elite responsible for the acute and chronic neph- 
rotordeity and perhaps ne~~~~r~no~en~~~ of 
~G~lOr~~~~G and ~c~lor~thi~e 11 s 21s 
T~G~~r~thene and ~~~lo~eth~ne are biotrans- 
formed to ~-(1,2-dichloro~nyI)-~-c~teine, which 
is nephroto~~ ira uiuo and c~otoxi~ to renal cells 
[3-61. S-(1 ~-~i~hloro~nyl)-L-~steine is cleaved to 
reactive, sul~r-untying inte~ed~ates by cysteine 
conjugate @-lyase, which is present in the mito- 
chondria and cytosol of renal proximal tubub cells 
171. 
S-( 1,2-Di~hloro~nyl)-L-~ystei~e is a weak inducer 

of DNA repair in LLC-PKr cells and produces DNA 
single-strand breaks in renal cells in vim and in vitro 
[8,9]. fn addition, ~-(1~2-di~hloro~nyl)-L-c~teine 
promotes ~-nitros~imethylamine-initiated renal 
tumors in i?IiGG [Mf. 

A central event in the cytoto~~t~ of S-(T,Zdi- 
~~oro~nyi)-L-cysteine is the impai~ent of the 
ability of the mit~hond~a to sequester Ca2+ with a 
resultant increase in cytosoiic Ca2” ~n&ent~tions 
ftl]- The disturbance in ~~tra~e~~~~~ Car+ hom- 
eostasis precedes both the severe perturbations of 
the mitochondrial membrane potential and cell 
death. A similar selective depletion of mitochondrial 
Ca2+ has been observed with several compounds 

* Corresponding author, Tel. (49) 931-201-3449; FAX 
(49) 93&?01-3444. 

that induce increased oxidation and hydrolysis of 
mitochondrial pyridine nucleotides (for a review, 
see Ref. 12). The products of this reaction are 
~~~~de and ADF-ribose; hence the tialt step 
in ~t~hond~al Ca** efflux may be the rnodi~~~o~ 
of a mit~hon~al membrane protein by ADP- 
ribose moieties. 

3ncreased ~~a~ll~~ Ca2+ ~n~ntrations may 
perturb DNA s?ru&re and function by a~~va~on 
of Ca2+- and ~g2~-de~ndent endonucieases, which 
catalyse the formation of DNA double-strand breaks 
followed by the induction of increased poly(ADP- 
~bosylatio~) of m&ear proteins [13-B]. Since 
NAD” is the substrate for poly (ADP- 
ribosyl)transferase, an increase in the formation of 
nuclear ~ly(ADP-~bosyl)conjugates may deplete 
&he cellular NAD” ~on~nt~tion and, conseq~en~y, 
ATP pool. This energy ~nsuming process may be 
associated with cell death f16$ A similar pathway 
may be involved in the renal toxicity of the glutathione 
conjugate of 1,2-dibromo-3-chloroprop~e [17f 
and in the toxicity of 2-bromo-3-(~-a~tylcystein-S- 
yl)h~~q~~ne to freshly isolated proximal tubule 
cells (3. Vamvakas, unpubl~sh~). 

The objectives of the current study were to explore 
the biochemical mechanisms mediating the S- 
(1,2-dichlorovinyl)~L-cysteine-indu~d depletion of 
mitochond~al Caz+ and to investigate the events 
that flaw from perturbation of the celilular Ca2* 
homeostasis and their association with cytotoxicity. 
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MATERIALS AND METHODS 

Chemicals. S-( 1,2-Dichlorovinyl)+cysteine was 
obtained by synthesis [18] and was 99% pure, as 
determined by analytical HPLC. [3H]NAD+ was 
purchased from Sigma Chemie GmbH (Deisenhofen, 
F.R.G.). [14C]Thymidine and [3H]thymidine were 
obtained from Amersham (Braunschweig, F.R.G.). 
Cell culture reagents were purchased from Gibco 
BRL (Eggenstein-Leopoldshafen, F.R.G.). 

Isolation of pig kidney mitochondria and deter- 
mination of mitochondrial pyridine nucleotides and 
Ca2+ release. Mitochondria were prepared from the 
cortex of fresh pig kidneys obtained from a local 
butcher shop. Immediately after killing the animal, 
the kidneys were placed in ice-cold 20 mM 
triethanolamine-HCl buffer (pH 7.4) containing 
250 mM sucrose, 1 mM EGTA, 10 mM KHzP04, 
5 mM MgClz, 20 mM KC1 and 0.1% bovine serum 
albumin. The mitochondrial fraction was isolated 
from renal cortical homogenates, as described 
previously [ 191. Mitochondria (1.5 mg protein/ml) 
were suspended in 20 mM Tris-HCl buffer (pH 7.6) 
containing 250 mM sucrose. Before addition of the 
test compounds, the mitochondria were energized 
by addition of 2.5 mM succinate and 0.5pM 
rotenone. The pyridine nucleotide redox state was 
monitored fluorimetrically in the absence and 
presence of 1 mM S-(1,2-dichlorovinyl)+cysteine 
at 25” (excitation wavelength 366 nm; emission 
wavelength 450 nm) [20] in a Kontron SFM 25 
tluorimeter (Kontron AG, Zurich). Acetoacetate 
(5 mM) was used as a positive control [21]. 

Ca*+ release from renal cortical mitochondria was 
measured with Arsenazo III by dual wavelength 
spectroscopy at 665 and 685 nm with an Ultraspec 
II spectrophotometer (LK13 Biochrom, Cambridge, 
U.K.). For determination of Ca*+ release, the 
mitochondria were preincubated for 3 min with 
Arsenazo III (30 PM), succinate (2.5 mM), rotenone 
(0.2 mg/mL), and CaC12 (50 PM). Ca2+ release was 
determined before and after addition of S-(1,2- 
dichlorovinyl)-L-cysteine at the incubation times 
indicated in Results. terf-Butylhydroperoxide 
(100 PM), a known depletor of mitochondrial Ca2+ 
[12], was used as a positive control. In some 
experiments, the mitochondria were preincubated 
for 3 min with 200 ,uM ATP, which inhibits pyridine 
nucleotide hydrolysis [22], or with 10 PM meta- 
iodobenzylguanidine, an ADP-ribose acceptor and 
inhibitor of the mono(ADP-ribosylation) of mito- 
chondrial proteins [23,24]. 

Tiwue culture of LLC-PK1 cells. LLC-PKi cells 
(American Type Culture Collection, passage 196 
205) were grown in 150-cm2 plastic tissue culture 
flasks in Dulbecco’s modified Eagle medium 
supplemented with 20mM HEPES, 10% fetal calf 
serum, 100 U penicillin/ml, 100 mg streptomycin/ 
mL, 1.7 g NaHCO,/L and 3 g glucose/L. 

Cells (105) were plated in 35-mm wells (six wells 
per plate). One day later, monolayers in exponential 
growth were washed twice with phosphate-buffered 
saline (PBS*) and exposed to S-(1,2-dichlorovinyl)- 
L-cysteine for 48 and 96 hr at the concentrations 

* Abbreviations: PBS, phosphate-buffered saline; Quin- 
2 AM, acetoxymethylester of Quin-2. 

indicated in Results. In some experiments, the 
monolayers were treated for 1 hr before addition 
of S-(1,2-dichlorovinyl)-L-cysteine with 3 mM 3- 
aminobenzamide [an inhibitor of poly(ADP-ribo- 
syl)transferase] [ 161, with 50 PM aurintricarboxylic 
acid (an inhibitor of the Ca2+- and Mg2+-dependent 
endonucleases) [25] or with 5 PM acetoxymethylester 
of the Ca2+ chelator Quin 2 (Quin-2 AM) [26]. After 
48 and 96 hr, the morphology of the cells was judged 
microscopically, and the cell number per well 
was determined with a Coulter counter after 
trypsinization. In Results, the cell numbers in the 
treated samples are calculated as percentage of the 
control cell number at the corresponding sampling 
time. 

Neutral filter DNA elufion assay. DNA double- 
trand breaks were quantified with the neutral filter 
elution method. Monolayers in exponential growth 
were incubated with [14C]thymidine (0.025 mCi/mL) 
and [3H]thymidine (0.1 mCi/mL) for 24 hr. After 
exposure to the radiolabeled thymidine, the 
monolayers were washed twice with PBS, and the 
cells were exposed to S-( 1,2-dichlorovinyl)-L-cysteine 
for 48 and 96 hr, as described above. DNA double- 
strand breaks were determined after 48 and 96 hr by 
a modification of the technique of Bradley and Kohn 
[27]. Control and treated LLC-PK, cells were 
harvested with a rubber policeman and were washed 
with ice-cold PBS. Finally the cells were centrifuged 
at 500g for 5 min, and the pellet was stored at -20“. 
For the neutral filter elution of the DNA, the cell 
pellets were allowed to thaw at room temperature 
and were transferred with 2 mL of ice-cold PBS on 
polycarbonate filters (Nucleopore 25 mM, 2 pm pore 
size). The cells were lysed for 1 hr in the dark at 
room temperature with 1.5 mL of 0.05 M Tris 
buffer (pH 9.6) containing 0.05 M glycine, 0.025 M 
Na2EDTA, 2% (w/v) sodium dodecyl sulfate and 
0.5 mg/mL freshly dissolved proteinase K (Boehrin- 
ger Mannheim, F.R.G.). After lysis, 40mL of the 
elution buffer (0.05 M Tris, pH9.6), containing 
0.05 M glycine, 0.025 M Na2EDTA and 2% w/v 
SDS) was added to the reservoir above each filter, 
and the DNA was eluted for 15 hr at 2 mL/hr with 
an Ismatec IPN (Ismatec, Zurich, Switzerland) 8 
pump. Elution samples of each filter were collected 
separately every 90 min. After addition of 100 PM 
glacial acetic acid, the radioactivity was determined 
in a Packard Minaxi Liquid Scintillation counter. 

Poly(ADP-ribosyl)transferase activity. LLC-PKi 
monolayers in 75-cm* flasks were treated as described 
above. N’-Methyl-N’-nitro-N’-nitrosoguanidine, an 
inducer of poly (ADP-ribosyl)transferase activity 
[28], was employed as a positive control. After 48 
and 96 hr, control and treated cells were harvested 
after trypsinization and were washed once with PBS. 
A sample was taken for determination of the cell 
number in the Coulter counter. The washed cells 
(2-5 x 106) were incubated for 10 min at room 
temperature in suspension with constant shaking in 
1 mL of permeabilization buffer (56 mM HEPES, 
pH 7.4, containing 28 mM KC1 and 28 mM NaC12); 
0.01% (w/v) digitonin, 500 ,uM NAD+ and 0.5 @i/ 
mL [3H]NAD+ were added to the buffer just before 
use [29]. At the end of the incubation time, the cells 
were centrifuged for 5 min at 1200 rpm in a Universal/ 
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Fig. 1. NAD(P)H oxidation in control mitochondria (0) 
and in mitochondria treated with 1 mM S-( 1,2-dichlorovinyl- 
L-cysteine (A) or 5 mM acetoacetate (W). NAD(P)H 
concentrations were monitored fluorometrically as 
described in Materials and Methods. The experiment was 
repeated three times with similar results (deviations were 

less than 10%). 

k25 centrifuge (Hettich, Tiibingen, F.R.G.). After 
centrifugation a second time, 1 mL of a 1% trypsin 
solution was added to the pellet, and the cells were 
stored for 2 hr at -20”. After thawing at room 
temperature, the cells were solubilized by addition 
of 1 mL of 2% (w/v) SDS. Two milliliters of 20% 
trichloroacetic acid were then added to each sample, 
and the resulting precipitate was collected on 
Whatmann GF/C glass-fiber filters and washed 
successively with 10% and 5% trichloroacetic acid 
and 5% ethanol. Finally the filters were treated with 
0.5 mL of tissue solubilizer (Protosol, New England 
Nuclear, Boston, MA, U.S.A.) for 3 hr at 50”. After 
addition of 20 PL of glacial acetic acid and toluene 
scintillator, the radioactivity was determined in a 
Packard Minaxi Liquid Scintillation counter. In 
Results the poly(ADP-ribosyl)transferase activity is 
calculated as percentage of the control rate at the 
corresponding sampling time. 

RESULTS 

Oxidation of mitochondrial pyridine nucleotides and 
depletion of mitochondrial Ca2+ 

Oxidation and hydrolysis of mitochondrial pyridine 
nucleotides is the first step required for Ca2+ release 
from intact respiring mitochondria [12]. Figure 1 
shows that S-(1,2-dichlorovinyl)-L-cysteine increased 
the rate of oxidation of mitochondrial NAD(P)H 
compared with controls during 5 min of incubation; 
a similar effect was obtained with acetoacetate, 
which oxidizes mitochondrial pyridine nucleotides 
PI. 

Incubation of pig kidney mitochondria with S- 
(1,2-dichlorovinyl)-L-cysteine resulted in a marked 
release of Ca2+ into the incubation medium (Fig. 
2a). When compared with the NAD(P)H oxidation, 
the Ca2+ release required longer incubation times. 
Both control and treated mitochondria retained Ca2+ 
for the first 15 min of the incubation, after which a 
time-dependent release of Ca2+ was observed in 

the S-(1,Zdichlorovin I)-L-cysteine-treated samples. 
The degree of Ca L efflux was quantitatively 
comparable to that induced by tert-butyl hydro- 
peroxide (Fig. 2a), a known depletor of mitochondrial 
Ca2+ [12]. Inhibition of pyridine nucleotide hydrolysis 
by ATP [21] and of the mono(ADP-ribosylation) 
of mitochondrial membrane proteins by meta- 
iodobenzylguanidine [23,24] abolished S-( 1 ,Zdichl- 
orovinyl)-L-cysteine-induced Ca2+ release (Fig. 2b). 
Aminooxyacetic acid, an inhibitor of the cysteine 
conjugate Blyase [30], also prevented the Ca2+ 
release (data not shown). 

Cytotoxicity of S-( l,Zdichlorovinyl)+cysteine in 
LLC-PK, monolayers 

Exposure of subconfluent LLC-PKr monolayers 
to 100 PM S-(1,2-dichlorovinyl)+cysteine did not 
impair cell proliferation compared with control 
values (Fig. 3). With 200 PM S-( 1,2-dichlorovinyl)- 
L-cysteine, a modest reduction in cell numbers was 
observed after 96 hr; this effect was more marked 
with 400 PM S-(1,2-dichlorovinyl)+cysteine, and 
therefore, this concentration was used for the 
experiments described below. The ability of S-(1,2- 
dichlorovinyl)-L-cysteine to increase the cytosolic 
Ca2+ concentration in LLC-PK, monolayers has 
been demonstrated previously [ll]. In the present 
study, the participation of Ca2+-dependent mech- 
anisms in S-(1,2-dichlorovinyl)-L-cysteine-induced 
cell killing was investigated. The membrane- 
permeable Quin-2 AM [26] protected cells from 
S-(1,2-dichlorovinyl)-L-cysteine-induced toxicity. 
Cytotoxicity was also partially blocked by inhibition 
of the Ca2+- and Mg2+-dependent endonucleases 
with 5OpM aurintricarboxylic acid [25] or of 
poly(ADP-ribosyl)transferase with 3 mM 3-amino- 
benzamide [16] (Fig. 4). At the concentrations used, 
neither aurintricarboxylic acid nor 3-amino- 
benzamide interfered with cell replication in the 
absence of S-( 1,2-dichlorovinyl)-L-cysteine (data not 
shown). 

To test our hypothesis further, we investigated 
the mechanism of S-( 1,2-dichlorovinyl)-L-cysteine- 
induced toxicity in suspensions of freshly isolated 
proximal tubule cells by the Trypan blue exclusion 
method. The results obtained in this system were 
similar to those described above for LLC-PKr cells: 
the cytotoxicity of the S-conjugate was blocked when 
the cells were preincubated with Quin-2 or with the 
inhibitors of the endonucleases and the poly(ADP- 
ribosyl)transferase (data not shown). 

DNA fragmentation 

The protection against S-( 1,2-dichlorovinyl)-L- 
cysteine-induced cytotoxicity afforded by aur- 
intricarboxylic acid indicated that DNA double- 
strand breaks caused by the activation of Ca2+- and 
Mg2+-dependent endonucleases may be involved in 
the toxic effects of the S-conjugate. Hence, DNA 
double-strand breaks were quantified with the 
neutral filter elution assay. No difference in the 
amount of DNA double-strand breaks was found 
when LLC-PKt monolayers were treated with 20 or 
50 PM S-( 1,2-dichlorovinyl)-L-cysteine for 48 and 
96 hr (data not shown). With the same experimental 
protocol, 100 PM of the S-conjugate failed to induce 
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Fig. 2. S-( 1,2-Dichlorovinyl)-L-cysteine-induced Ca” release from pig kidney mitochondria (1.5 mg/ 
mL protein). At the times indicated, CaZ+ release was determined from control mitochondria (A) and 
from mitochondria treated with 1 mM S-(1,2-dichlorovinyl)+cysteine (0) or with 100 @I tert- 
butylhydroperoxide (0). Results are means + SD from six samples prepared from three pig kidneys. 
The asterisk indicates significant difference (P C 0.01) to controls as determined by Student’s t-test. (b) 
Inhibition of S-(1,2-dichlorovinyl)-L-cysteine-induced CaZf release from pig kidney mitochondria 
(1.5 mg/mL protein) by ATP and meta-iodobenzylguanidine. At the times indicated, CaZ+ release was 
determined from mitochondria treated with 1 mM S-(1,2-dichlorovinyl)+cysteine in the absence (0) 
or presence of 200 PM ATP (A) or 10 PM meta-iodobenzylguanidine (0). Results are means f SD 
from six samples prepared from three pig kidneys. The asterisk indicates significant difference (P C 0.01) 

to controls as determined by Student’s t-test. 
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Fig. 3. Effect of S-(1,2-dichlorovinyl)+cysteine on cell 
proliferation in LLC-PKI cells. Cells were exposed to 100, 
200 or 400 m S-(1,2-dichlorovinyl)+cysteine for 48 (A) 
or 96 (B) hi. Cell number per plate was determined as 
described in Materials and Methods. Data are shown as 
means + SD for nine cultures from three separate 
experiments. The asterisk indicates significant difference 
(P < 0.01) to controls as determined by Student’s t-test. 

DNA double-strand breaks after 48 hr (Fig. 5A), 
whereas an increase in DNA double-strand breaks 
was observed after 96 hr (Fig. SB). Both 200 and 
400 PM S-( 1,2-dichlorovinyl)-L-cysteine increased 
the percentage of fragmented DNA, and the effect 
was more marked after 96 hr incubation time than 
after 48 hr. Preincubation of the cells with 10 ,uM of 
meta-iodobenzylguanidine, an inhibitor of the 
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Fig. 4. Effect of S-(1,2-dichlorovinvl)+cysteine on cell 
proliferation in LL&PK, cells. C& were exposed to 
400 UM S-U .2-dichlorovinvl1-L-cvsteine for 48 hr in the 
absdnce (A) br presence 01 i PM’ Quin-2 AM (B), 50 @+4 
aurintricarboxylic acid (C) or 3 mM 3-aminobenzamide 
(D). Cell number per plate was determined as described 
in Materials and Methods. Data are shown as means f SD 
for nine cultures from three separate experiments. The 
asterisk indicates significant protection as determined by 
Student’s t-test (P < 0.01) compared to the monolayers 

treated with S-( 1,2-dichlorovinyl)-L-cysteine only. 

mitochondrial mono(ADP-ribosylation) [23,24], 
reduced the DNA double-strand breaks induced by 
200 PM S-( 1,2-dichlorovinyl)+cysteine by approxi- 
mately 50%. 
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Fig. 5. DNA neutral titer elution profile from untreated 
(0) LLC-PKI monolayers and from cells treated for 48 
(A) or 96 (B) hr with (A) 100, (0) 200 or (m) 4OOpM 
S-( 1,2-dicblorovinyl)-L-cysteine. Results are from one 
experiment representative of three; values determined in 

different experiments deviated by less than 10%. 

Among the different types of DNA damage, DNA 
double-strand breaks are the most effective inducers 
of poly(ADP-ribosylation) of nuclear proteins [31]. 
The DNA fragmentation demonstrated with the 
neutral filter elution assay together with the 
protective effect of the ~ly(ADP-~bosyl)transfera~ 
~~bitor 3-~no~~a~de against S-(1,2dichlor- 
ovinyl)-L-cysteine-induced toxicity indicated a role 
for increased poly(ADP-ribosyl)transferase activity 
in S-conjugate-induced cytotoxicity. Poly(ADP- 
ribosyl)transferase activity was uantified by meas- 
uring the incorporation of 4 [ H]NAD+ in per- 
meabilized control and treated LLC-PKI cells 
(Fig. 6). S-(l,Z-Dichloro~yl)-L-c~teine increased 
~ly(ADP-~bosyl)transferase activity in LLC-PK1 
cells up to 2-fold compared with control levels after 
48 hr. A greater effect was obtained with N’-methyl- 
N’-nitro-ZV-nitrosoquanidine (30 PM), a known 
inducer of the poly (ADP-ribosyl)transferase [28], 
which increased [3H]NAD+ incorporation appro& 

time (h) 

Fig. 6. Effects of S-(1,2-dichlorovinyi)+cysteine on 
poly(ADP-ribosyl)transferase activity in LLC-PK, cells. 
Monolayers were treated for 48 and 96 hr with several 
concentrations of S-(1,2-dichlorovinyl)-L-cysteine: (A) 
control, (B) 100, (C) 200 and (D) 400 @I. Data are shown 
as means 2 SD of nine cultures from three separate 
experiments. The asterisk indicates significant difference 
(P < 0.01) to controls as determined by Student’s t-test. 

mately 6-fold after the same incubation time (data 
not shown). With 100 ,uM S-(1,2-dichloro~~yl)- 
L-cysteine, a sustained increase in poly(ADP- 
ribosyl)transferase activity was observed between 
the 48 and the 96 hr sampling times; in contrast, 
with 200 and 4OOpM S-conjugate, [3H]NAD+ 
incorporation after 96 hr was greater than control 
rates, but was lower than the 48-hr values (Fig. 6). 

DISCUSSION 

In the present study we investigated the 
mechanisms responsible for the S-(l,Zdichlor- 
ovinyl)-L-cysteine-induced depletion of mito- 
chondrial Ca2+ from isolated pig kidney mitochon- 
dria, and we also explored the role of Ca2+- 
dependenteventsinS-(l,2-dichlorovinyl)-L-cysteine- 
induced cytotoxicity in renal cells. ‘The hypothesis 
that Ca*+-dependent degradative pathways may be 
involved in the renal effects of S-(1,2-dichlorovinyl)- 
L-cysteine originated from a previous fluorescence 
digital imaging mi~o~py study. These experiments 
demonstrated that an early, central event in the 
cytotoxicity of 4( 1,2dichlorovinyl)-L-cysteine is the 
impairment of the ability of the mitochondria to 
se 

9 
uester Ca2* with a resultant increase in cytosolic 

Ca + concentrations in the submicromolar range 

WI* 
The striking S-$1,2-dichloro~nyl)-L~ysteine- 

induced efflux of Ca + from freshly isolated pig 
kidney mitochondria observed in the present study 
provides evidence for the importance of Ca2+- 
dependent mechanisms in S-conjugate-induced 
cytotoxicity. The efflux was quantitatively similar to 
the Ca” release induced by tert-butyl hydroperoxide, 
a model depletor of mitocho~d~~ Ca*+ 1121, and 
was preceded by increased oxidation of mitochondrial 
pyridine nucleotides. Moreover, inhibition of the 
hydrolysis of oxidized pyridine nucleotides and 
of the mono(ADP-ribosylation) of mitochondrial 
membrane proteins blocked S-( 1,2-dichlorovinyl)-L- 
cysteine-induced Caz+ release. These results indicate 
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that S-(1,2-dichlorovinyl)-L-cysteine may cause a 
selective depletion of mitochondrial Ca2+ by 
modification of mitochondrial membrane proteins 
by the ADP-ribose moieties formed by the hydrolysis 
of the oxidized pyridine nucleotides. This mechanism 
operates with several compounds that induce a 
prooxidant state in mitochond~a 1121. The ability of 
haloalkenyl cysteine S-conjugates to induce selective 
mitochond~al toxicity and Ca*+ efflux from isolated 
kidney mitochondria has been demonstrated pre- 
viously [32-351. Other studies demonstrated the role 
of perturbation of the cellular redox state in the 
renal toxicity of S-(1,2-dichlorovinyl)+cysteine 
[36,37], and Chen and Stevens [38] recently showed 
that there are common elements in the toxic effects 
of alkylating agents and organic peroxidants in LLC- 
PKi cells. The results presented here provide the 
first mechanistic and temporal link between changes 
in themitochondrialredoxstateandCa2” homeostasis 
in S-conjugate-induced cytotoxicity. 

Increases in cytosolic CaZf concentrations may 
activate Ca2+-dependent endonucleases that produce 
DNA double-strand breaks followed by increased 
poly(ADP-~bosylation) of nuclear proteins 
[13,16,39]. The substrate for poly(ADP- 
ribosyl)transferase is NAD+. Hence, a marked 
increase in the poly(ADP-ribosylation) of nuclear 
proteins may deplete cellular NAD+ and conse- 
quently ATP pools, and this perturbation of the 
cellular energy homeostasis may be associated with 
cell death. Chelation of intracellular CaZ+ with Quin- 
2andinhibitionof the Ca*+-dependent endonucleases 
by aurintricarboxylic acid and of the poly(ADP- 
~bosyi)transfer~e by 3aminobenzamide protected 
renal cells from ~-(1,2-dichloro~nyl)-L-cysteine- 
induced cytotoxicity, indicating a role for this 
pathway in cell damage. The ability of S-(1,2- 
dichloro~nyl)-L-cysteine to induce DNA double- 
strand breaksand toincrease poly(ADP-ribosylation) 
of nuclear proteins was, therefore, investigated. S- 
(1,2-Dichlorovinyl)-L-cysteine induced DNA 
double-strand breaks in LLC-PKi cells at con- 
centrations as low as lOOpM, which do not impair 
the proliferative capability of the cells; this provides 
evidence that the cells can survive an increase in 
DNA double-strand breaks up to a certain level and 
that the strand breaks are not an epiphenomenon 
associated with cell death. The data also agree 
with the previously published fluorescence digital 
microscopy ObseNatio~ that demonstrated that 
S-(1,2-dichlorovinyl)-L-cysteine induces an early 
increase in the cytosolic Ca2+ concentrations in 
viable cells [ll]. The reduction of the S-(1,2- 
dichlorovinyl)+cysteine-induced DNA double- 
strand breaks afforded with meta-iodoben- 
zylguanidine, which also blocked Ca2+ release, 
provides further evidence for the key role of the 
perturbation of the mitochondrial Ca2+ homeostasis 
in DNA fragmentation and, consequently, in 
cytotoxicity. The use of meta-iodobenzylquanidine, 
a high affinity substrate for mono(ADP-ribos- 
yl)transferase, to study the role of mitochondrial 
mono(ADP-~bosylation) reactions in intact cells has 
been demonstrated [40]. Finally, determination of 
rates of [3H]N~~+ inco~oration in treated 
and control monolayers showed that S-(1,2- 

dichlorovinyl)+cysteine increased the rate of 
poly(ADP-ribosylation) of nuclear proteins. It is 
noteworthy that with 200 and 400 PM of the S- 
conjugate [3H]NAD+ incorporation was not higher 
after 96 hr compared with the 48-hr sampling time, 
although there was a marked increase both in the 
impairment of cell proliferation and in the amount 
of DNA double-strand breaks between 48 and 96 hr. 
The failure to observe a sustained, time-dependent 
increase in the formation of poly(ADP-ribos- 
yl)conjugates with the higher S-conjugate con- 
centrations may be due to additional toxic effects of 
S-(1,2-dichlorovinyl)+cysteine, but this has not 
been established. One may speculate that reactive 
intermediates derived from cleavage of the S- 
conjugate may react with the poly(ADP- 
ribosyl)transferase itself, thus impairing its function, 
As indicated by the protective role of the poly(ADP- 
ribosyl)transferase inhibitor 3-aminobenzamide, this 
pathway may be involved in the S-( 1,2-dichlorovinyl)- 
L-cysteine-induced impairment of cell growth. 

The consequences of increased poly(ADP-ribos- 
ylation) depend upon the extent of NAD+ utilization. 
When cells are subjected to high levels of DNA 
breakage, extensive polymer synthesis causes a rapid 
and irreversible decrease in cellular NAD+ and ATP 
contents, which has been associated with cell death 
[29,41]. Alternatively,duringamoderate, temporary 
induction of DNA double-strand breaks, the 
poly(ADP-ribosyl)conjugates may promote repair 
of DNA double-strand breaks by facilitating 
important steps in excision repair, such as DNA 
polymerization and ligation of breaks. A non-lethal 
increase in the amount of nuclear poly(ADP- 
~bosyl)conjugates may also alter gene expression by 
changing the structure and function of nuclear 
proteins; hence, poly(ADP-~bosylation) represents 
a unique link between DNA damage, cell death and 
modulation of gene expression, as has been shown 
with several oxidants [42,43]. Oxidants may induce 
modulation of genes, and both the increase in Ca*+ 
concentration and the induction of poly(ADP- 
ribosylation) appear to be crucial for this effect. The 
finding that S-( 1,2-dichlorovinyl)-L-cysteine and 
several oxidants share the selective mitochondrial 
Ca2+ release and the increase in poly(ADP- 
ribosylation) is of particular interest for the S-(1,2- 
dichlorovinyl}-L-~steine-induced chronic neph- 
rotoxicity and its possible cont~bution to the 
fo~ation of renal adenocar~nomas observed with 
t~chloroethene and dichloroethine, especially as 
increases in DNA doubIe-strand breaks and 
poly(ADP-ribosylation) were observed with con- 
centrations that did not impair cell proliferation. 
The present study demonstrated the role of this 
pathway in the acute S-(1,2-dichlorovinyl)-L-cysteine 
toxicity to renal cells. The possible contribution to 
the chronic nephrotoxicity of S-(1,2-dichlorovinyl)- 
L-cysteine and the nephrocarcinogenicity of its 
precursors warrant further investigation. 

In summary, the results indicate that S-(1,2- 
dichlorovinyl)-L-cysteine bioactivation in renal cells 
may initiate the following cascade of events: 
increased oxidation and hydrolysis of mitochond~al 
pyridine nucleotides resulting in the mo~fication of 
mitochondrial membrane proteins by pyridine 
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nucleotide-derived ADP-ribose moieties, followed 
by Caz+ release into the cytosol. Elevated cellular 
Ca2+ concentrations may activate Ca*+-dependent 17. 
endonucleases, which leads to DNA fragmentation 
followed by increased poly(ADP-ribosylation) of 
nuclear proteins and, finally, cytotoxicity. 

18. 

REFERENCES 

1. Dekant W, Vamvakas S and Anders MW, Bioactivation 
of nephrotoxic haloalkenes by glutathione conjugation: 19. 

formation of toxic and mutagenic intermediates by 
cysteine conjugate /3-lyase. Drug Metab Rev 20: 43- 20. 
83, 1989. 

2. Kanhai W, Dekant W and Henschler D, Metabolism 
of the nephrotoxin dichloroacetylene by glutathione 
coniuaation. Chem Res Toxic01 2: 51-56, 1989. -. 

3. ” Terra&i B and Parker VH, A pathological study on LI. 

the toxicitv of S-dichlorovinvl+cvsteine. Food Cosmet 

4. 
Toxic01 3:67-74, 1965. * * 
Darnerud PO, Brandt I, Feil VJ and Bakke JE, 
Dichlorovinyl cysteine (DCVC) in the mouse kidney: 22. 
tissue-binding and toxicity after glutathione depletion 
and probenecid treatment. Arch Toxic01 63: 345-350, 
1989. 

5. 

6. 

Darnerud PO, Gustafson AL, Tornwall U and Feil VJ, 
Age- andsex-dependentdichlorovinylcysteine (DCVC) 23, 
accumulation and toxicity in the mouse kidney: relation 
to development of organic anion transport and beta- 
lyase activity. PharmGol Toxic01 68: l&t-109, 1991. 
Lash LH and Anders MW. Cvtotoxicitv of S-(1,2- 
dichlorovinyl)glutathione and S:(1,2-dichjorovinyi)+ 
cysteine in isolated rat kidney cells. J Biol Chem 261: 24. 
1307613081, 1986. 

I. Lash LH, Elfarra AA and Anders MW, Renal cysteine 

8. 

conjugate /--1yase: bioactivation of nephrotoxic cysteine 
S-conjugates in mitochondrial outer membrane. J Biol 
Chem 261: 5930-5935, 1986. 25 
Jaffe DR, Hassall CE, Gandolfi AJ and Brendel K, 
Production of DNA single strand breaks in renal tissue 
after exposure to 1,2-dichlorovinylcysteine. Toxicology _I 

9. 

10. Meadows SD, Gandolfi AJ, Nagle RB and Shively JW, 

35: 25-33, 1985. 

Enhancement of DMN-induced kidney tumors by 1,2- 

Vamvakas S, Dekant W and Henschler D, Assessment 

dichlorovinylcysteine in Swiss-Webster mice. Drug 
Chem Toxicol 11: 307-318, 1988. 

11. Vamvakas S, Sharma VK, Shen S-S and Anders MW, 

of unscheduled DNA synthesis in a cultured line of 

Perturbations of intracellular Ca*’ distribution in 

renal epithelial cells exposed to cysteine S-conjugates 

kidnev cells bv nephrotoxic haloalkenvl cvsteine S- 
conjugates. Mel Pharmacol38: 455-461, 1990. 

12. Richter C and Kass GEN. Oxidative stress in 

of haloalkenes and haloalkanes. Murat Res 222: 329- 
335, 1989. 

mammalian cells as measured by neutral filter elution. 

LO. Cantoni 0, Sestili P, Cattabeni F, Bellomo G, Pou S, 

Nucleic Acid Res 7: 794-804, 1979. 
28. Juarez-Salinas H, Sims JL and Jacobson MK, 

Cohen M and Cerutti P, Calcium chelator Quin-2 

Poly(ADP-ribose) levels in carcinogen-treated cells. 
Nature 282: 740-741, 1979. 

prevents hydrogen peroxide induced DNA-breakage. 
Eur .Z Biochem 182: 209-212, 1989. 

27. Bradley MO and Kohn KW, X-ray induced DNA 
double strand break production and repair in 

29. Schraufstatter IU, Hinshaw DB, Hyslop PA, Spragg 
GR and Cochrane CG, Oxidant injury of cells. DNA 
strand-breaks activate polyadenosine diphosphate- 
ribose polymerase and lead to depletion of nicotinamide 
adenine dinucleotide. J Clin Invest 77: 1312-1320, 
1986. 

role of poly(ADP-ribose) in the cellular response to 
DNA damage. Radiat Res 101: 4-15, 1985. 
Holme JA, Soderlund EJ, Lag M, Brunborg G and 
Dubing E, Prevention of 1,2-dibromochloropropane 
(DCBP)-induced kidney necrosis and testicular atrophy 
bv 3-aminobenzamide. Toxic01 Avul Pharmacol 110: 
li8-128, 1991. 

_L 

McKinney LL, Picken JC Jr, Weakley FB, Eldridge 
AC, Campbell RE, Cowan JC and Biester HE, Possible 
toxic factor of trichloroethylene-extracted soybean oil 
meal. J Am Chem Sot 81: 909-915, 1959. 
Johnson D and Lardy H, Isolation of liver and kidney 
mitochondria. Methods Enzymol 10: 41-47, 1967. 
Vercesi AE, The participation of NADP, the 
transmembrane potential and the energy-linked 
NAD(P) transhydrogenase in the process of Ca*+ efflux 
from rat liver mitochondria. Arch Biochem Biophys 
259: 171-178, 1987. 
Bardsley ME and Brand MD, Oxaloacetate- and 
acetoacetate-induced calcium efflux from mitochondria 
occurs by reversal of the uptake pathway. Biochem J 
202: 197-201, 1982. 
HofstetterW,MuhlebachT,LotscherHR, Winterhalter 
KH and Richter C, ATP prevents both hydroperoxide- 
induced hydrolysis of pyridine nucleotides and release 
of calcium in rat liver mitochondria. Eur .Z Biochem 
117: 361-367, 1981. 
Loesberg C, Van Rooij H and Smets LA, The 
norepinephrine analogue meta-iodobenzylguanidine 
(MIBG) is a substrate for mono(ADP-ribosylation). 
In: Receptors, Membrane Transport and Signal 
Transduction. Eds. NATO ASI Series 29: 223-232, 
1989. 
Richter C, The prooxidant-induced and spontaneous 
mitochondrial calcium release. Inhibition by meta- 
iodobenzylguanidine (MIBG), a substrate for mono 
fADP-ribosvlation). Free Rad Res Commun 8: 329- 
324, 1990. . ’ 
Hallick RB, Chen BK, Gray PW, Orozoco EM, Use 
of aurintricarboxylic acid as an inhibitor of nuclease 
during nucleic acid isolation. Nucleic Acid Res 4: 3055- 
3064, 1977. 

mitochondria: its relationship’ to cellular Ca*+ hom- 
eostasis, cell death, proliferation, and differentiation. 
Chem Biol Interact 77: l-23, 1991. 

13. McConkey SJ, Hartzell P, Nicotera P, Wyilic AH and 
Orrenius S, Stimulation of endogenous endonuclease 
activity in hepatocytes exposed to oxidative stress. 
Toxic01 Lett 42: 123-130, 1988. 

14. Cantoni 0, Cattabeni F, Stocchi V, Meyn RE, Cerutti 
P and Murray D, Hydrogen peroxide insult in cultured 
mammalian cells: relationships between DNA single- 
strand breakage, poly(ADP-ribose) metabolism and 
cell killing. Biochim Biophys Acta 1014: 1-7, 1989. 

15. Jones DP, McConkey DJ, Nicotera P and Orrenius S, 
Calcium-activated DNA fragmentation in rat liver 
nuclei. J Biol Chem 264: 6398-6403, 1989. 

16. Berger NA, Cellular response to DNA damage: the 

30. Elfarra AA, Jacobson I and Anders MW, Mechanism 
of S-( 1,2-dichlorovinyl)glutathione induced neph- 
rotoxicitv. Biochem Pharmacol35: 283-288. 1986. 

31. Benjamin RC and Gill DM, Poly (ADP-ribose) 
synthesis in vitro programmed by damaged DNA. A 
comparison of DNA molecules containing different 
types of strand breaks. J Biol Chem 255: 10502-10508, 
1981. 

32. Lash LH and Anders MW, Mechanism of S-(1,2- 
dichlorovinyl)-L-cysteine- and S-( 1,2-dichlorovinyl)-L- 
homocysteine-induced renal mitochondrial toxicity. 
Mol Pharmacol32: 549-556, 1987. 

33. Hayden PJ and Stevens JL, Cysteine conjugate toxicity, 
metabolism, and binding to macromolecules in isolated 



1138 S. VW-S et al. 

rat kidney mitochondria. Mol Pharmacol31: 468-476, 
1990. 

34. LockEA and Schnellmann RG, The effect of haloalkene 
cysteine conjugates on rat renal glutathione reductase 
aid lipoyl hchydrogenase actiiities. Toxicol Appl 
PharmacollO4: 180-190. 1990. 

35. Wolfgang GHJ, Gandolfi AJ, Nagle RB, Brendel K 
and Stevens JL, Assessment of S-( 1,2-dichlorovinyl)- 
L-cysteine induced toxic events in rabbit renal cortical 
slices. Biochemical and histological evaluation of 
uptake, covalent binding, and toxicity. Chem Biol 
Interact 75: 153-170, 1990. 

36. Beuter W, Cojocel C, Miiller W, Donaubauer HH and 
Mayer D, Peroxidative damage and nephrotoxicity of 
dichlorovinylcysteine in mice. J Appl Toxic01 9: 181- 
186, 1989. 

37. Chen Q, Jones TW, Brown PC and Stewens JL, The 
mechanism of cysteine conjugate cytotoxicity in renal 
enithelial cells. J Biol Chem 265: 21603-21611. 1990. 

38. dhen Q and Stevens JL, Inhibition of iodoac&amide 

and t-butylhydroperoxide toxicity in LLC-PK, cells by 
antioxidants: a role for lipid peroxidation in alkylation 
induced cytotoxicity. Arch Biochem Biophys 284: 422- 
430, 1991. 

39. Muehlematter D, Larsson R and Cerutti P, Active 
oxygen induced DNA strand breakage and poly(ADP- 
ribolylation) in promotable and non-promotable JB6 
mouse epidermal cells. Carcinogenesb 9: 239-245, 
1988. 

40. Smets LA, Loesberg C, Janssen M and Van Rooij H, 
Intracellular inhibition of mono(ADP-ribosvlation) 
by meta-iodobenzylguanine: specificity, intracellula; 
concentration and effects on glucocorticoid-mediated 
cell lysis. Biochim Biophys Acta 1054: 49-54, 1990. 

41. Cerutti PA, Response modification in carcinogenesis. 
Environ Health Perspect 81: 39-43, 1989. 

42. Cerutti PA, Oxidant stress and carcinoeenesis. Eur .I 
Clin Invesr.21: 1-5, 1991. 

43. Boulikas T, Relation between carcinogenesis, chroma- 
tin structure and poly(ADP-ribosylation). Anticancer 
Res 11: 489-528, 1991. 


