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The relationship between  mitochondrial  Ca2+,  oxida- 
tive stress, and a dissipation of the mitochondrial mem- 
brane potential (A+) was  investigated in proximal tubu- 
lar kidney  cells.  Freshly  isolated  proximal tubular cells 
from rat kidney  were  exposed to the nephrotoxin 1,2- 
dichlorovinyl-L-cysteine (DCVC). DCVC stimulated the 
formation of hydroperoxides as determined by flow  cy- 
tometry  using the hydroperoxide-sensitive  compound 
dichlorofluorescin.  This  was prevented by the antioxi- 
dant diphenylphenylenediamine  (DPPD) and the iron 
chelator desferrioxamine. Studies in individual cells 
with  video-intensified  fluorescence  microscopy  showed 
that a DCVC-induced increase in the intracellular free 
calcium concentration ([Ca2+li) was  accompanied by an 
increase in the mitochondrial free calcium concentra- 
tion ([Ca2+1,). The latter increase was  selectively pre- 
vented by an inhibitor of the mitochondrial  calcium 
uniporter, ruthenium red (RR).  Chelation of cellular 
Ca2+  with EGTA acetoxymethyl ester (EGTNAM) com- 
pletely prevented the formation of hydroperoxides, 
whereas inhibition of the uptake of Ca2+ by the mito- 
chondria with RR reduced it. This indicates that the 
increase in  [Ca2+l, is important for the induction of oxi- 
dative stress by DCVC. DPPD and desferrioxamine  did 
not protect against a DCVC-induced increase in [Ca2+], 
and [Ca2+],, indicating that oxidative stress is the con- 
sequence rather  than  the cause of the cellular calcium 
perturbations. DCVC decreased A+ and caused  cell 
death; both  effects  were  clearly  delayed by  EGTNAM 
and RR, although they  could  not prevent a decrease in 
A+. The latter decrease was  completely prevented by 
inhibition of the P-lyase-mediated  metabolism of DCVC 
with  aminooxyacetic  acid.  Like EGTNAM, inhibition of 
oxidative stress with DPPD and desferrioxamine  de- 
layed the decrease in A+. This  strongly  suggests that  the 
decrease in A+ caused by metabolites of DCVC directly 
is potentiated by Ca2+-dependent DCVC-induced  hy- 
droperoxide  formation.  The  importance of both  hy- 
droperoxide  formation and mitochondrial  damage in 
DCVC-induced cell  killing is discussed. 

Exposure of isolated  mitochondria to a high  concentration of 
calcium leads to  mitochondrial injury (1-4).  Calcium-induced 
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mitochondrial injury  can be prevented by antioxidants (5-B), 
suggesting  that oxidative stress  may be an  important  event  in 
its development. Indeed, exposure of heart mitochondria to 
high calcium  levels was  reported  to  result  in the formation of 
reactive oxygen species (ROS)’ (9,101. Recently, it was  shown  in 
isolated  mitochondria that calcium-induced  oxidative stress 
can be prevented by an inhibitor of the mitochondrial Ca2+ 
uniporter,  ruthenium  red,  suggesting  that calcium uptake  in 
the mitochondrial matrix  is  required for ROS formation (10). 

Exogenous ROS cause  severe  injury  in isolated  mitochondria 
(11-13). Such injury  was also  observed in isolated liver mito- 
chondria  after endogenous ROS  formation (6). This  raises  the 
question  whether  such an effect may play a role in  the cytotox- 
icity of xenobiotics in  intact cells. However, evidence for a role 
of calcium-dependent ROS formation  in mitochondria in  intact 
cells has not been documented  yet. We decided to  study  this 
with 1,2-dichlorovinyl-~-cysteine (DCVC) in isolated  proximal 
tubular cells from rat. 

DCVC belongs to the  group of nephrotoxic haloalkenyl-L- 
cysteine S-conjugates  and  is often used as a model compound to 
investigate  the  mechanism of toxicity of these conjugates (14- 
16). They are  activated by renal cysteine-S-conjugate  P-lyase to 
thiol-containing  electrophilic reactive  metabolites (17, 18), 
which  bind  covalently to macromolecules, thereby  initiating 
cellular  damage (19). Inhibition of cysteine-S-conjugate P-lyase 
prevents covalent binding  and  thereby  irreversible  cellular  in- 
jury (19). Several  intracellular  events  are  initiated  after me- 
tabolism of DCVC. Stevens  and co-workers (19) showed that 
oxidative stress  is involved in  the toxicity of DCVC, which was 
later confirmed by us (22) and  others (21). In  addition, we 
showed that DCVC increases  the  intracellular  free calcium 
concentration ([Ca2+],) and  decreases  the mitochondrial  mem- 
brane  potential (A+) in freshly isolated rat renal proximal tu- 
bular cells (20). Chelation of intracellular Ca2+  clearly protects 
against  an  initial  decrease  in A+ as well as cell death (20). 
These  results,  in combination with  those  obtained  with isolated 
mitochondria  described  above, prompted  us  to  investigate  the 
relationship between  oxidative stress,  perturbation of cytosolic 
and mitochondrial  calcium, and mitochondrial injury  in DCVC- 
induced cytotoxicity. Our findings indicate  that exposure of 
PTC to DCVC results  in  increased influx of Ca2+  into  the mito- 
chondrial  matrix, which induces  the formation of hydroperox- 

The  abbreviations  used are: ROS, reactive oxygen species; DCVC, 
1,2-dichlorovinyl-~-cysteine; [Ca’’],, intracellular free calcium  concen- 
tration; [Ca2+],, mitochondrial free calcium concentration; A$, mito- 
chondrial  membrane  potential;  PTC, proximal tubular cells;  EGTNAM, 
EGTA  acetoxymethyl ester; AOAA,  aminooxyacetic acid; DPPD, diphe- 
nylphenylenediamine; RR, ruthenium red;  DCF-DA, 2‘,7’-dichlorofluo- 
rescjn  diacetate; DCF, dichlorofluoresc~n; PI, propidium  iodide. 
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ides; this  strongly  potentiates  the dissipation of the mitochon- 
drial  membrane potential. 

MATERIALS  AND METHODS 
Chemicals-EGTA/AM was  from Molecular Probes,  Inc.  (Eugene, 

OR); collagenase  (from  Clostridium  histolyticum), bovine serum  albu- 
min  (Fraction V), digitonin,  Fura-2, Fura-2/AM, rhodamine  123, EGTA, 
and Quin-2fAM were  from  Sigma; HEPES  was from Boehringer  Mann- 
heim  GmbH  (Mannheim,  Federal  Republic of Germany); carboxyme- 
thoxylamine  hemihydrochloride  (aminooxyacetic acid (AOAA)), diphe- 
nylphenylenediamine  (DPPD),  and  ruthenium  red  (RR)  were from 
Aldrich  Chemie  (Brussels,  Belgium); and 2',7'-dichlorofluoresc~n diac- 
etate (DCF-DA) was from Serva  GmbH  (Heidelberg, FRG). DCVC was 
kindly  provided by  Dr. J .  M. N.  Commandeur  (Department of Pharma- 
cochemistry, Free  University of Amsterdam,  Amsterdam,  The  Nether- 
lands). 

Isolation of Proximal mbular Kidney Cells-Male SPF WistarYWu 
rats from Sylvius  Laboratories  (Leiden,  The  Netherlands),  weighing 
200-250 g, were  used  throughout  all  the  experiments.  Animals  were 
housed in Macrolon cages  with  hardwood  bedding  and  had  free  access  to 
food (MRH-B, Hope Farms B. V., Woerden, The  Netherlands)  and  tap 
water. An alternating  12-h  light  and  dark cycle was  maintained  in  the 
animal rooms. 

Proximal  tubular  kidney  cells  were  isolated as described before in 
more  detail (231, with  one  modification:  prior  to  opening of the abdomen, 
rats  were  injected  intravenously  with 500 IU of heparin dissolved in 400 
pl of saline.  With  this  method, a cell preparation  was  routinely  obtained 
that  stained 95%  positive  for y-glutamyltranspeptidase and 90% posi- 
tive for nonspecific esterase  and  with  a  viability of  90-95% as  deter- 
mined by trypan  blue exclusion (23).  The cells were  suspended  in 
Hanks'  balanced salt solution  (137 I t I M  NaCl, 5 mM KCI, 0.8 mM 
MgS04.7H20,  0.4 mM Na,HP04.2H,0,  0.4 mM KH,PO,, 1.3 mM CaCl,, 4 
mM NaHCO,, 5 mM glycine, 20 mM HEPES),  pH 7.4, containing 5 mM 
glucose and 2.0% (w/v) bovine serum  albumin  (Buffer A), gassed for 30 
min  with 95% 0,, 5% CO,. For  experiments  in which PTC  were  incu- 
bated  in  nominally  calcium-free buffer, PTC were  washed  three  times 
with  Hanks'balanced salt solution  without CaCI, at 0 "C and  thereafter 
were  suspended  in  Hanks'  balanced  salt  solution  without CaCI,. 

Flow Cytometric Analysis of Hydroperoxide Formation, A+, and Cell 
Death  in  Proximal TLbular Cells in  Suspension-Freshly  isolated proxi- 
mal  tubular  cells  were  suspended  in Buffer A at a density of  0.5-1.0 x 
lo6 cells/ml. The  suspension  routinely  contained -50% single  cells, 45% 
cell clusters  consisting of two  to five cells, and -5% cell clusters of up  to 
20 cells as determined by light microscopy. Cells  were  incubated in 
Costar  culture  flasks at 37 "C for 30  min  prior to  the start of the 
experiments. 

Hydroperoxide  formation  was  determined by  flow cytometric  analy- 
sis  using  the  nonfluorescent  probe DCF-DA. Release of the  acetate 
moieties by intracellular  esterase  activity  results  in  the  release of di- 
chlorofluorescin,  which  upon  exposure to hydroperoxides,  including 
both H,O, and  lipid  peroxides, is hydrolyzed to  the fluorescent probe 
dichlorofluorescejn (DCF)  (24).  This  probe  has  previously  been  used  to 
detect  the  formation of hydroperoxides in  several cell systems  (10, 25- 
27). PTC  were loaded with dichlorofluorescjn by incubating  them  with 
10 PM DCF-DA for 15 min at 37 "C, after  which  experiments  were 
started.  Prior  to flow cytometric  analysis, PI (5 p~ final  concentration) 
was  added  to  the cells. The  DCF  and  PI  fluorescence  properties of 
individual  cells  and cell clusters  were  analyzed  using a FACScan flow 
cytometer  (Becton  Dickinson Advanced Cellular Biology, San  Jose, CA) 
equipped  with an  argon  laser  using  the Lysis program.  DCF  fluores- 
cence was  detected by the F1, detector  (emission a t  500-550 nm corre- 
sponding to green  fluorescence),  and PI fluorescence  was  detected by 
the F1, detector  (emission a t  >600 nm corresponding  to  red  fluores- 
cence).  The  mean  DCF  fluorescence of PI-negative cells (i.e.  still  viable 
cells present  in population  R1  (Fig. 4A)) loaded  with DCF-DA was 
calculated. For each  separate  experiment,  the  autofluorescence of PI- 
negative  cells  was  determined.  Hydroperoxide  formation  was  expressed 
as the  percentage of fluorescence at  t = 0 and  was  calculated  as follows: 
((C - A ) / (B -A  1) x loo%, where A is  the  autofluorescence of PI-negative 
cells, B is  the  DCF  fluorescence of PI-negative  cells a t  t = 0, and C is  the 
DCF  fluorescence of PI-negative  cells from the  sample.  The  method  was 
validated by incubating  PTC  with 1.0 mM cumene  hydroperoxide,  which 
resulted  in  an  increase  in  the  green  fluorescence of the cells in popula- 
tion R1, indicating  the  hydrolysis of dichlorofluorescjn to  DCF. 

A+ and cell death  were  determined by flow cytometry as described 
previously  (19). A+ was  determined by analyzing  the  rhodamine  123 
fluorescence  intensity of PI-negative cells. Cell death  was  determined 

by counting  the  percentage of PI-positive cells. A+ is expressed as  the 
percentage of rhodamine  123 fluorescence at t = 0 (i.e. the start of the 
experiment) of those  cells that  stained PI-negative. Cell death is ex- 
pressed as  the percentage of PI-positive  and  rhodamine  123-negative 
cells. 

Determination of [Ca2+Ii and Mitochondrial  Free  Calcium  Concentra- 
tion ([Ca2+],,J-Determination of free  calcium  concentrations  using 
Fura-2  was  essentially  done  as  described  previously (20, 28). Briefly, 
FTC were  suspended  in  Buffer  A  containing  20 Fura-2iAM and 
allowed to  adhere  onto poly-D-lysine-coated coverslips for 1 h at 37 " c  
(28).  The  coverslips  were  mounted  in a coverslip holder.  Thereafter,  cells 
were  washed  three  times  with  Buffer  A a t  37 "C. The coverslip holder 
was placed on a  temperature-controlled  stage of the microscope, which 
kept  the cell preparation at a temperature of 37 "C. An IM35 inverted 
microscope with  a  50-watt  mercury  arc  lamp  (Zeiss,  Oberkochen,  FRG) 
equipped  with a Nikon  4091.3 NA CF  Fluor objective was  used.  Images 
were  recorded  using  a CCD instrumentation  camera  controlled by a 
CC200 camera  controller  (Photometrics  Ltd., Tucson, AZ). Images  were 
processed on an Imagine  image  processing  system  (Synoptics,  Cam- 
bridge,  United Kingdom) and  stored on the  hard  disk of a  Hewlet- 
Packard 486 computer.  From  a  group of the cells, the 470  nm  emission 
images,  after  340  and  380  nm  excitation,  were recorded for determina- 
tion of the  free  intracellular  calcium  concentration.  Determination of 
[Ca"], was  done  essentially as described  earlier by us  and  others (29, 
30).  The  medium  was  replaced by mitochondrial  buffer (250 mM sucrose, 
20 mM KC1, 3 mM EGTA, 10 mM SHPO,, 5 mM MgCl,, 5 mM succinate) 
containing  100 p~ digitonin  (Buffer B). With this  treatment,  the  plasma 
membrane became permeable  within  30 s as evidenced by staining of 
the  nucleus  with  propidium iodide and  leakage of Fura-2 from the cells. 
Mitochondria  remained  intact  since no change in  the mitochondrial 
membrane  potential  was observed (as determined by rhodamine  123 
staining).  At  30 s after  the  addition of Buffer B, another  470  nm  emis- 
sion  pair of images,  after  340  and  380  nm  excitation, of the  same  group 
of cells  was  recorded to  determine  mitochondrial  calcium  concentra- 
tions.  After  permeation of the  plasma  membrane, 15-20%  of the  total 
Fura-2  fluorescence  was  retained in the cell; it had  the  same localiza- 
tion as  rhodamine  123,  indicating  that  fluorescence  was  primarily lo- 
cated  inside  the  mitochondria.  This  Fura-2  fluorescence  was  generally 
more than 5 times  higher  than  the  autofluorescence of nonloaded per- 
meabilized  control  cells for both  340  and 380 nm  excitation. 

To investigate  the effect of RR on [Ca2+li  and [Ca*+],, PTC  were 
incubated  in  Buffer  A  plus RR (30 p ~ ) .  Prior  to  determination of [Ca2+li 
and [Ca2+1,, the medium  was  replaced by Buffer  A  without RR. In a 
separate  experiment, it was  determined  whether RR quenches the fluo- 
rescence of intracellular  Fura-2.  Cells  were  loaded  with 20 PM Fura-2 
for 60 min, followed by incubation for 45  min  with  30 PM RR. Thereafter, 
cells  were  washed twice with  Buffer A, and emission  spectra of intra- 
cellular  Fura-2  were  recorded  with a Perkin-Elmer LS-5B fluorometer. 
Preincubation of PTC with RR had no effect on the emission  spectra for 
both  340  and  380  nm  excitation. 

Calcium  concentrations  were  calculated  essentially  as  described  pre- 
viously (20) and  are  expressed as the  means -c S.E. of at  least 60 
individual cells, which  were  determined  in at least five different cell 
isolations. 

Statistics-Results are expressed as the means S.E. of four  to five 
independent  experiments,  unless  stated  otherwise.  Statistical  signifi- 
cance  between  two  groups  was  determined by means of an unpaired 
Student's  t  test.  Statistical  significant  differences  between  groups  were 
determined by means of a one-way  analysis of variance. 

RESULTS 

Effect of DCVC on Hydroperoxide Formation-Hydro- 
peroxide formation in PTC was  investigated by flow cytometric 
analysis of PTC loaded with  the hydroperoxide-sensitive fluo- 
rescent probe DCF-DA. The DCF and PI fluorescence proper- 
ties of PTC were  comparable t o  rhodamine 123 (A+) and PI 
staining of PTC (20). Three  distinct populations of cells could  be 
identified  (Fig. hi): population  R1 with PI-negative  fluores- 
cence properties, indicating viable cells and cell clusters; popu- 
lation R2 with PI-positive fluorescence properties, indicating 
dead individual cells and cell clusters containing only dead 
cells; and population R3  with PI-positive fluorescence proper- 
ties.  Rhodamine 123 staining indicated that  the  latter popula- 
tion  consists of cell clusters of both  viable and  dead cells (20). 

Incubation of PTC with DCVC (400 VM) resulted  in a signifi- 
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FIG. 2. DCVC-induced  hydroperoxide  formation in freshly iso- 
lated PTC. PTC  were loaded and analyzed for dichlorofluorescgn fluo- 
rescence as  described for Fig. 1. At 15 min  after  the  addition of  DCF-DA, 
DCVC (100, 200, or 400 PM) was  added.  Every 3 min, a 100-pl sample 
was  taken,  added to a tube  containing 5 pl of 100 ) 1 ~  propidium iodide, 
and directly  analyzed by  flow cytometry for DCF  and  PI fluorescence 
properties. Hydroperoxide formation  was  calculated as described  under 
“Materials  and  Methods.”  Shown  is one representative  experiment of 
three. 

TABLE I 
Effect of various inhibitors on  cumene hydroperoxide-induced cell 

death of PTC 
The effect of cumene  hydroperoxide on PTC  viability  was  determined 

by  flow cytometry as described for Fig. 1. AOAA (1 m), EGTMAM (20 
p~), RR (30 p a ) ,  desfemioxamine (1 m), and  DPPD (20 p ~ )  were  added 
15 min  prior to the addition of cumene  hydroperoxide (250 p a ) .  Viability 
was  determined  after 30 min of incubation  with  cumene  hydroperoxide. 
Shown is  the percent cell death  as  means = S.E. of three  independent 
experiments. 

Cell death 

Control 
Cumene  hydroperoxide 

+AOAA 
+EGTMAM 
+RR 
+Desfemioxamine 
+DPPD 

22 f 2 
90 

67 f 3 
63 f 2 
62 5 
63 k 3 
27 f 1 
25 f 2 

green-fluorescence (DCF) (arbltrary  units) 

FIG. 1. Flow cytometric analysis of hydroperoxide  formation 
in freshly isolated proximal  tubular cells. PTC  loaded  with 
DCF-DA and  propidium iodide were  analyzed as described  under “Ma- 
terials  and  Methods.”  Shown is a two-dimensional  density plot of green 
fluorescence  (DCF) and  red  fluorescence  (PI) of control  cells (A). Three 
different  populations  can  be  identified as described  under  “Results.” 
Also shown are  the frequency  histograms of the  green fluorescence of 
DCF-positive and  PI-negative  cells  (population  R1) of control  PTC ( B )  
and PTC  treated  with 400 PM DCVC for 30 min ( C ) .  The  difference 
between the control  population ( B )  and  the DCVC-treated  population 

of the FACScan system).  The  two  populations  had  a 99% probability of 
( C )  was  analyzed  using  the Kolmogorov-Smirnov test (Lysis I1 program 

difference. 

cant  increase  in  the DCF  fluorescence of the propidium-nega- 
tive cells (Fig. 1, B and C). The  increase  in hydroperoxide 
formation by DCVC over the control values  was -2.5-fold. It 
was  both  time-  and  concentration-dependent (Fig. 2) and oc- 
curred prior to  the  onset of cell death. At 400 DCVC, a peak 
in DCF  fluorescence  occurred after 30 min of incubation;  sub- 
sequently, the fluorescence intensity of population R1 de- 
creased (Fig. 21, which was  due to cell death since there  was a 
shift from cells from  population R1 to the propidium-positive 
populations R2 and R3. The  remaining cells in population R1 
had a lower mean  DCF fluorescence; these cells may  have  been 

more resistant  to DCVC exposure. 
To investigate  whether pyridoxal phosphate-dependent 

&lyase activity is required for DCVC-induced oxidative stress, 
PTC were  pretreated for 15 min with AOAA, an inhibitor of 
pyridoxal phosphate-dependent enzymes. This  pretreatment 
completely prevented  the  increase in hydroperoxide formation 
and cell death induced by 400 p~ DCVC (data  not shown). 
Inhibition of pyridoxal phosphate-dependent enzymes with 
AOAA did not affect the  integrity of the PTC  since the viability 
was unaffected  compared with  untreated PTC. The protective 
effect of  AOAA was  not  due to  antioxidant  properties since 
preincubation of PTC with AOAA (1 mM) could not  prevent 
cell death caused by the pro-oxidant cumene hydroperoxide 
(Table  I). 

The  addition of the  antioxidant  DPPD (20 PM) to  the  incuba- 
tion  medium also completely prevented  the  formation of hy- 
droperoxides (Fig. 3A). Their formation was  also iron-depend- 
ent since  chelation of iron  with desferrioxamine (1 m) resulted 
in a complete  prevention of hydroperoxide  formation (data not 
shown).  DPPD still completely blocked oxidative stress  when 
added  10  min  after DCVC. When it was  added  after  15 or 20 
min, it blocked a further  increase  in hydroperoxide formation 
(Fig. 3A). 
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FIG. 3. Effect  of  DPPD  on  DCVC-induced  hydroperoxide  Por- 

mation  and cell  death. PTC were analyzed for  hydroperoxide forma- 
tion (A) as described  for  Fig. l. Cell death ( B )  was determined by 
analyzing the percentage of propidium iodide-positive  cells.  DPPD (20 
p ~ )  was added either simultaneously with or 10, 15, 20, 25, or 30 min 
after the addition of  DCVC (400 p ~ ) .  Shown is  the mean of four to  five 

the values. but  are not shown  for clarity 
independent experiments. Standard errors of the mean were <lo% of 
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FIG. 4. Effect  of DCVC on  [Ca2+lj and  [Ca2+], in freshly  isolated 
PTC. Cellular and mitochondrial calcium concentrations were deter- 
mined by video-intensified fluorescence  microscopy as described under 
"Materials and Methods."  Shown is the [Ca2+], (A) and [Ca2+], (B) of 
control  cells and cells treated with 400 p~ DCVC for 10,20, and 30 min. 
C indicates control  cells,  which  were analyzed between 0 and 30 min 
after the  start of an experiment. No difference in  either [Ca2+], or [Ca2+], 
during this time period  was  observed  for these cells. Data  are  the means 
2 S.E. (n = 84-212 cells). Asterisks indicate significantly different from 
control ( p  < 0.05). Note the range on the ordinate. 

TABLE I1 
Effect of RR on the  DCVC-induced changes in [Ca2+l2 and [CU"]~ 

The effect  on  [Caz'l, and [CaZ+l, was determined by video-intensified 
fluorescence  microscopy as described  for  Fig. 3. RR (30 PM) was added 
15 min prior to  the addition of  DCVC (400 PM); 20 min thereafter, [Ca2+l, 
and [Ca"], were determined. Data are expressed as nanomolar calcium 
concentration. Shown are the means * S.E. (n = 60-212 cells). 

[Ca2+l, [Ca"], 

Control 
RR 

336 f 9 

DCVC 
289 f 16 

DCVC + RR 618 -C 117",b 
563 2 37" 
333 -c 24b 

Significantly different from treatment control ( p  5 0.05). 
Significantly different from DCVC only ( p  c 0.05). 

163 f 11 
189 f 16 
355 f 23" 

DCVC-induced  hydroperoxide  formation  occurred  prior  to 
cell  death  (Fig. 3B),  which  was  also  prevented  by  DPPD. The 
addition of DPPD after 15 min still effectively  prevented  cell 
death,  whereas after 20 or 25  min, it delayed  DCVC-induced 
cell  death  (Fig. 3B). 

Effect of DCVC  on [Ca2+li a n d  [Ca2+l,,,-DCVC induces an 
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minutes 
FIG. 5. Effect of EGTNAM (A) and RR ( B )  on DCVC-induced 

hydroperoxide  formation. PTC were analyzed for  hydroperoxide  for- 
mation as described for Figs. 1 and 2.  At 15 min prior  to the addition of 
DCVC (400 PM), EGTNAM (20 PM) or RR (30 p ~ )  was added to the cell 
suspension. Shown are  the means f S.E. of three  separate experiments. 
Asterisks indicate significantly different from  DCVC  only ( p  < 0.05). 

TABLE I11 
Effect of DPPD and desferrioxamine on  the  DCVC-induced  changes 

in [Ca2+I, and [CaZ+lm 
The effect  on [Ca2+l was determined by video-intensified fluorescence 

microscopy as described under "Materials and Methods." Either DPPD 
(20 p ~ )  or desferrioxamine (1 m d  was added together with DCVC (400 
PM) to  PTC; after 20 min of incubation, [Ca"], and [Ca2+l, were deter- 
mined. Data are expressed as nanomolar calcium concentration. Shown 
are the means -c S.E. (n = 60-77 cells). 

[Ca2+l, [CaZ'l, 

DPPD 
+DCVC 

213 2 8 315 f 18 
431 t 36" 456 t 22a 

Desferrioxamine 214 t 18 310 t 15 
+DCVC 381 t 26" 425 t 18" 

Significantly different from treatment control ( p  5 0.05). 

increase in [Ca"], in freshly  isolated  PTC (20). In the  present 
study,  we  investigated whether DCVC also  affects  mitochon- 
drial  calcium  homeostasis.  Therefore, the effect of DCVC on 
[Ca2+lt and  [Ca2+l, was  determined  in  intact  cells  and in the 
same cells treated with  digitonin,  respectively,  using the cal- 
cium  sensitive-fluorescent  probe  Fura-2.  Incubation of PTC 
with DCVC (400 VM) resulted in a time-dependent  increase in 
[Ca"], from 163 2 11 I" for  control  cells  to 874 2 61 nM for  cells 
treated with DCVC for 30 min  (Fig. 4A). DCVC also  induced a 
change in [Ca''], measured in the  same cells. A maximum 
increase in [Ca"], was  already  observed  after  20 min of incu- 
bation with DCVC; thereafter,  [Ca2+lm  decreased  again (Fig. 
4B). To test whether this mitochondrial  increase  involves 
transport  via  the  mitochondrial Ca'' uniporter,  PTC  were in- 
cubated  with DCVC together  with an inhibitor of the  uniporter, 
RR. RR (30 VM) did  not  prevent the increase  in  [Ca2+l,  induced 
by DCVC; however, it prevented an increase  in [Ca2+l, (Table 
11). 

Role of Ca2' in  DCVC-induced  Hydroperoxide F'ormatwn- 
Previously,  we  demonstrated that intracellular  calcium  pertur- 
bation is independent of extracellular  calcium (20). To investi- 
gate whether  omission of extracellular  calcium  affects 
hydroperoxide  formation  caused  by DCVC, PTC  were  incu- 
bated in a nominally  calcium-free buffer. This had no  effect  on 
DCVC-induced  oxidative  stress  (data  not  shown),  indicating 
that hydroperoxide  formation  is  independent of extracellular 
calcium. We then investigated whether DCVC-induced hy- 
droperoxide  formation is dependent  on  changes in the cellular 
and mitochondrial  calcium  concentrations. To chelate  intracel- 
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lular CaZ+, PTC were incubated  with DCVC together with 
EGTNAM (20 p~). EGTNAM completely prevented the  in- 
crease  in hydroperoxide formation (Fig. 5 A ) .  In  addition, when 
PTC were pretreated  with RR (30 p ~ )  to  prevent an  increase  in 
[Ca2+l, without affecting the  increase  in [Ca2+li as described 
above, the formation of hydroperoxides was  clearly  reduced, 
but not completely prevented (Fig. 5B). Together, these  data 
strongly suggest  that oxidative stress is primarily dependent 
on an  increase  in mitochondrial  Ca2+  concentrations. 

To exclude the possibility that EGTNAM provides protection 
by a desferrioxamine-like effect, we investigated whether cell 
death caused by the pro-oxidant cumene hydroperoxide can be 
prevented by EGTNAM. Cumene hydroperoxide (250 p ~ )  
caused cell death of PTC within  30  min. This could be pre- 
vented by both  desferrioxamine (1 mM) and DPPD (20 p~). In 
contrast, EGTNAM (20 p ~ )  did not prevent pro-oxidant-in- 
duced cell death (Table I). In  addition, RR (30 p ~ )  was  also 
ineffective in protecting against cumene hydroperoxide-in- 
duced cell death (Table I). Thus,  these  data strongly  indicate 
that  the protection provided by both EGTNAM and RR against 
DCVC-induced hydroperoxide formation is related  to  perturba- 
tions of intracellular calcium caused by  DCVC. 

We also tested  the effect of DPPD and desferrioxamine on the 
DCVC-induced changes in [Ca2+l, and [Ca"],  by video-intensi- 
fied fluorescence microscopy. Neither DPPD  nor  desferrioxam- 
ine prevented  a DCVC-induced increase  in [Ca"], or [Ca2+l, 
(Table 111). 

Role of Intracellular and Mitochondrial eaz+ in DCVC-in- 
duced  Dissipation of A+and Cell  Death-The effect of  DCVC on 
A+ was followed  by  flow cytometric analysis of rhodamine 123 
uptake by PTC. DCVC decreased A+ in a time- and concentra- 
tion-dependent way (Fig. 6, A-C), which was observed prior to 
cell death (Fig. 6, D-F). Chelation of cellular  Ca2+  with 
EGTNAM (20 p ~ )  delayed the decrease in A+ induced by 100, 
200, or 400 p~ DCVC (Fig. 6, A X ) .  Furthermore, EGTNAM 

minutes 

protected against cell death induced by these concentrations of 
DCVC (Fig. 6, D-F). However, a decrease in A+ induced by 400 
p~ DCVC in  the presence of EGTNAM to -40% of the control 
values  was soon followed  by cell death. 

RR delayed the dissipation of A+ induced by DCVC (400 p ~ )  
in a similar fashion compared with EGTNAM (Fig. 7, A and B ) .  
Both compounds prevented DCVC-induced cell death (Fig. 8). 
DPPD and desferrioxamine  also delayed the DCVC-induced 
dissipation of the mitochondrial membrane potential induced 
by 400 PM DCVC (Fig. 7, C and  D). 

DISCUSSION 

In  this study, we provide evidence that  the Ca2+ concentra- 
tion in  the mitochondrial matrix is a critical  factor for the 
induction of oxidative stress by the nephrotoxin DCVC. Fur- 
thermore, our data indicate that oxidative stress  is involved in 
the dissipation of the mitochondrial membrane potential 
caused by DCVC (Fig. 9 and below). 

Previously, we reported that DCVC increases [Ca2+l, (20). 
Since studies  in isolated heart mitochondria showed that incu- 
bation  with  high calcium concentrations results  in  an increased 
formation of ROS (9, lo), which could be prevented by an  in- 
hibitor of the mitochondrial  Ca2+  uniporter, ruthenium red (lo), 
we hypothesized that DCVC-induced oxidative stress,  reported 
by others (20, 21), could be the  result of changes in mitochon- 
drial Ca2+  homeostasis. To test  this hypothesis, we measured 
both hydroperoxide formation and  the  intracellular  and mito- 
chondrial  free calcium concentrations in isolated rat PTC using 
flow cytometry and video-intensified fluorescence microscopy. 
DCVC clearly  induced the formation of hydroperoxides in PTC 
prior to  the onset of cell death.  Furthermore, upon  exposure of 
PTC to  DCVC, the  increase  in [Caz+Ii was accompanied by an 
increase in [CaZ+],. The  latter increase  was dependent on the 
uptake of calcium via the mitochondrial uniporter since RR 
prevented this  without affecting the elevation of  [Ca''],. At later 
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FIG. 7. Effect of EGTNAM (A), RR (B) ,  DPPD ( 0 ,  and desfer- 

rioxamine ( D )  on DCVC-induced decrease in A+. The effect on AJ, 
was analyzed by  flow cytometric analysis essentially as described under 
"Material and Methods." PTC (5-7 milliodml) were  incubated with 1 p~ 
rhodamine  123 for 15 min. Thereafter, the cell suspension  was  diluted 
such  that  the final  rhodamine 123 concentration was 0.2 p ~ .  PTC were 
pretreated  with  either EGTMAM (20 p ~ )  or RR (30 PM) for 15 min  prior 
to the addition of  DCVC (400 p ~ ) .  DPPD (20 p ~ )  and desferrioxamine 
(DEE 1 mM) were  added  simultaneously with DCVC (400 p ~ ) .  Pro- 
pidium iodide (2 p ~ )  was added just prior to  the start of the experi- 
ments. Every 5 min, the rhodamine 123 fluorescence intensity of pro- 
pidium  iodide-negative cells was determined.  Shown is the effect on AJ, 
expressed as a percentage of control. Incubation with RR, EGTMAM, 
DPPD, or desferrioxamine  alone had no effect on AJ,. 0, DCVC alone; A, 
DCVC with inhibitors. Values are  the  means f S.E. of six independent 
experiments. Asterisks indicate  significantly  different from DCVC ( p  e 
0.05). Note that  the scale  on the ordinate ranges from 50 t o  120%. 

time points, [Ca"], decreased again, presumably due  to  the 
release of accumulated calcium from the mitochondrial matrix 
back into  the cytosolic compartment or to precipitation of cal- 
cium phosphate  in  the mitochondria. 

To determine  whether DCVC-induced oxidative stress  is de- 
pendent on an  increase  in [Ca''], and/or [Ca"],, PTC were 
incubated  with EGTNAM and RR. Chelation of intracellular 
Ca'' with EGTNAM completely prevented  the formation of 
hydroperoxides, whereas RR, which exclusively prevents  the 
increase  in [Ca2+],, strongly delayed this effect. These data 
clearly indicate  that  increased  intracellular Ca" concentration 
is involved in DCVC-induced hydroperoxide formation.  Since 
RR had no effect on the DCVC-induced increase in [Ca2+li but 
provided appreciable  protection against hydroperoxide forma- 
tion, we suggest  that  the  increase  in [Ca2+], is  the major  factor 
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FIG. 8. Effect of EGTNAM and RR on DCVC-induced cell death. 
The effect on cell death was  determined by  flow cytometric analysis of 
the percentage of propidium iodide-positive cells as described under 
"Materials and Methods." PTC were loaded with rhodamine 123  and 
propidium iodide as described for Fig. 7 and  pretreated  with  either RR 
(30 w) or EGTNAM (20 p ~ )  as described for Fig. 9. After the addition 
of  DCVC (400 p ~ ) ,  the percentage of PTC that  stained propidium iodide- 
positive and rhodamine  123-negative  was  determined every 10 min. 
Incubation with EGTMAM or RR alone had no effect on cell viability. 
Shown are  the  means f S.E. (n  = 5). Asterisks indicate  significantly 
different from DCVC only ( p  < 0.05). 
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FIG. 9. Scheme for proposed  mechanism  of dissipation of A# 

and cell death induced by DCVC. For a description of the mecha- 
nism, see "Discussion." 

in hydroperoxide  formation. The difference between the effects 
of EGTNAM and RR on the DCVC-induced formation of hy- 
droperoxides is most likely due to a difference in  the ability to 
lower [Ca"] in  the mitochondrial matrix: EGTNAM will com- 
plex most of the  free calcium present  in  the mitochondrial 
matrix,  whereas RR only prevents additional uptake of Ca'' in 
the mitochondria,  leaving the Ca2+ already  present  in  the mi- 
tochondrial matrix unaffected.  Presumably, the higher the 
[Ca"],, the  stronger  the oxidative stress. DPPD and desferri- 
oxamine, which both provided complete protection against  the 
formation of hydroperoxides,  did not  have  an effect on the 
DCVC-induced increase in [Ca2+li and [Ca"],. This  indicates 
that  these calcium perturbations  are not  secondary to oxidative 
stress. 

The  formation of hydroperoxides caused by  DCVC required 
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its metabolism by the pyridoxal phosphate-dependent renal 
cysteine-S-conjugate  p-lyase  since an  inhibitor of this enzyme, 
AOAA, was completely protective. P-Lyase is present  in high 
amounts  in both the cytosol and  the mitochondria of proximal 
tubular cells (33,34). Upon P-cleavage, reactive  metabolites are 
formed that bind covalently to macromolecules; this binding is 
completely prevented by AOAA (17-19, 32,  34). The mitochon- 
drial localization of P-lyase activity  corresponds with covalent 
binding  and mitochondrial toxicity of  DCVC (20, 32, 34, 35). 
Thus,  our  data  are consistent with  the  current  understanding 
(17-19,32-35) that  the  irreversible cell injury caused by  DCVC 
is  dependent on cysteine-S-conjugate P-lyase activity. 

Exposure of isolated  mitochondria to either pro-oxidants 
(e, 13) or systems  generating ROS (11, 12) leads  to oxidative 
stress  and  subsequent mitochondrial  damage.  Indeed,  antioxi- 
dants  prevent a calcium-induced dissipation of A+ (5-8). These 
findings  prompted us  to  investigate a relationship between cal- 
cium-dependent oxidative stress  and  the dissipation of A+ in- 
duced by  DCVC. A time course showed that  the  initial  rapid 
decrease in AJ, occurred immediately after  the  initiation of 
oxidative stress.  This  rapid decrease was delayed by inhibition 
of the formation of hydroperoxides with  either DPPD or des- 
ferrioxamine. The  extent of the delay was comparable to that 
observed with EGTNAM or RR, which both  prevented the  dras- 
tic increase  in hydroperoxide formation.  These  observations 
suggest that  the DCVC-induced dissipation of A$ is, at least  in 
part,  dependent on oxidative stress. 

In addition to the above-described Ca2+-dependent compo- 
nent,  there  was also  a  Ca2+-independent component in  the 
DCVC-induced decrease in AJ, since EGTNAM delayed but did 
not  prevent a AJ, decrease. The Ca2+-independent effect on AJ, 
also requires DCVC bioactivation  since the p-lyase inhibitor 
AOAA completely prevents  it (20). This decrease is probably 
due  to a direct  inhibition of the  respiratory  chain, possibly by a 
DCVC-derived reactive  metabolite,  since  incubation of isolated 
rat kidney  mitochondria with DCVC decreases the oxygen con- 
sumption (31, 321, which is prevented by AOAA. 

These  data  indicate  that oxidative stress is an  important 
event  in DCVC-induced acute cell injury:  inhibition of hy- 
droperoxide formation  protected against cell death, even  when 
the  antioxidant  was added just prior to  the onset of oxidative 
stress. Although  inhibition of oxidative stress clearly  protected 
against  an  initial  rapid decrease in AJ, and cell death induced 
by DCVC, ultimately, a dissipation of AJ, was  not prevented. 
Since this decrease was soon followed by cell death, we suggest 
that  this cell killing is  related  to  the  Ca2+-independent mito- 
chondrial  dysfunctioning  induced by  DCVC. 

In conclusion, we propose the following mechanism for the 
dissipation of AJ, and cell death induced by  DCVC (Fig. 9). 
Exposure of PTC to DCVC generates reactive intermediates 
due to  DCVC metabolism by renal cysteine-S-conjugate 
P-lyase, resulting  in a direct  decrease in AJ,. In addition, DCVC 

increases cytosolic calcium, which, in  turn,  leads to the  uptake 
of calcium via the mitochondrial uniporter  into  the mitochon- 
drial  matrix.  This  increase  in [Ca2+l, induces, by an  as  yet 
unknown  mechanism, the formation of hydroperoxides, which 
potentiates  the above-described direct dissipation of AJ, by 
DCVC. Both oxidative stress  and  the dissipation of AJ, lead to 
lethal cell injury.  These results  suggest  that [CaZ+], is  an im- 
portant factor in  the regulation of hydroperoxide  formation in 
intact cells and provide new insights  in  the  relationship be- 
tween  mitochondrial calcium deregulation and oxidative stress 
in xenobiotic-induced mitochondrial injury. 
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