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SUMMARY
The role of complex II in the cellular protection against oxidative
stress was investigated in freshly isolated rat renal proximal
tubular cells (PTC) with the use of the nephrotoxin S-(1 ,2-
dichlorovinyl)-L-cysteine (DCVC). DCVC caused oxidative
stress in PTC as determined by flow cytometry with dihydror-
hodamine-123; this fluorescent probe is readily oxidized by
primary hydroperoxides such as those formed during lipid per-

oxidation. The oxidative stress could be prevented by inhibition
of the p-lyase-mediated formation and covalent binding to
cellular macromolecules of reactive DCVC metabolites, with

amino oxyacetic acid (AOA), or by the antioxidant N,N’-diphe-
nyl-p-phenylenediamine. Both AOA and DPPD also prevented
cell death. The DCVC-induced oxidative stress was associated
with a decrease in the succinate:ubiquinone reductase (SQR)
activity of complex II, whereas NADH:ubiquinone reductase
activity of complex I remained unaffected. AOA prevented the
effect on SQR activity, whereas N,N’-diphenyl-p-phenylenedi-
amine did not. Inhibition of SQR activity with thenoyl trifluora-
cetone (TIFA) potentiated the DCVC-induced oxidative cell

injury, suggesting the involvement of SQR activity in an antiox-
idant pathway. To investigate this in greater detail, PTC were
treated with an inhibitor of cytochrome-c-oxidase, KCN, in a
buffer containing glycine, which prevents cell death by KCN.
Glycine did not affect cell death by DCVC. KCN prevented the
DCVC-induced oxidative stress and cell death. KCN cytopro-
tection could be prevented by inhibition of SQR activity with
oxaloacetate or TIFA, whereas inhibition of either complex I or
Ill with rotenone and antimycin, respectively, did not prevent it.
The effect of DCVC on complex II was associated with a de-
crease in the cellular amount of reduced ubiquinone (QH2); the
KCN-mediated cytoprotection was related to a 60% increase of
cellular OH2. Rotenone almost completely inhibited ubiquinone
reduction even in the presence of KCN, whereas oxaloacetate
in combination with KCN resulted in QH2 levels comparable to
control. This suggests that the SQR activity by complex II rather
than the cellular content of reduced ubiquinone (QH2) is impor-
tant as a part of the cellular antioxidant machinery in the cyto-
protection against oxidative stress.

Oxidative stress is frequently involved in the development

of cytotoxicity, either chemically induced or as a result of

(patho)physiological conditions (1); in many cases, the mito-

chondria could be identified as the potential origin of the

oxidative stress (2-5). This suggests the failure of cellular

antioxidant pathways, especially in the mitochondria. The

mitochondrial membranes are protected against oxidative

stress by a-tocopherol (vitamin E) and reduced Q (QH2), both
potent antioxidants (6-8), which are present in the inner and

outer mitochondrial membranes. Although Q is continuously

reduced to ubiquinol at complexes I, II, and III of the MRC,

1 Present address: w. Alton Jones Cell Science Center, 10 Old Barn Road,

Lake Placid, New York 12946.

observations in submitochondrial particles suggest that pri-

marily reduction by complex II is important in the antioxi-

dant function of Q (Fig. 1) (9-11). Recent experiments in

submitochondrial particles and liposomes indicate that the

SQR activity of complex II is involved in the regeneration of

a-tocopherol from a-tocopheroxyl radicals formed during

lipid peroxidation (12-15). These observations suggest a role

of complex II in an antioxidant pathway. However, evidence

for a role of complex II in the cellular antioxidant machinery

has not yet been documented in intact cells. Ifthis is the case,

an inhibition of complex II, caused by either pathological

circumstances or xenobiotics, would increase the susceptibil-

ity for oxidative cell injury. We decided to study the antiox-

idant role of complex II with the nephrotoxin DCVC in PTC.

ABBREVIATIONS:: DCVC, S-(1 ,2-dichlorovinyl)-L-cysteine; TIFA, thenoyltrifluoroacetone; 13-lyase,L-cystcineS-conjugatel3.iyase (E.C. 4.4.1.13);
Q, ubiquinone; QH2, ubiquinol; P1, propidium iodide; DhRhol23, dihydrorhodamine-123; BSA, bovine serum albumin; st/i, mitochondrial mem-
brane potential; ROS, reactive oxygen species; MRC, mitochondrial respiratory chain; SQR, succinate:ubiquinone reductase; PTC, rat renal
proximal tubular cells; EGTA, ethylene glycol bis(j3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethane-
sulfonic acid; Rho123, rhodamine-123; .AOA, aminooxyacetic acid; HPLC, high performance liquid chromatography; DPPD, N,N’-diphenyl-p-
phenylenediamine; Rot, rotenone; Oxa, oxaloacetate; DEF, desferrioxamine; GSH,
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Fig. 1. Simplified scheme of the MRC showing sites of substrate entry, reduction of Q, and potential site for the involvement of complex II in an
antioxidant pathway. cyt, cytochrome. Other enzymatic protection systems involved in the cellular antioxidant machinery may include vitamin E
radical reductase, glutathione-S-transferases, glutathione-reductase and -peroxidase, and DT-diaphorase.
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DCVC is often used to investigate the mechanism of toxic-

ity of nephrotoxic L-cysteine-S-conjugates (5, 16-24). It in-

duces proximal tubular necrosis in various mammalian spe-

cies (25, 26). This has been related to the formation of highly
reactive, sulfur-containing metabolites by renal cysteine con-
jugate f3-lyase (E.C. 4.4.1.13) (27-29), whose activity is high
in both the cytosol and the mitochondrial matrix of PTC (30,

31). Binding ofthese reactive metabolites to macromolecules,

especially in mitochondria (19), results in the initiation of

several events that precede cell death (5, 20-24). Thus,
DCVC causes a decrease in the mitochondrial membrane

potential (��tLi) (5, 23), most likely due to an inhibition of the

respiratory chain, since DCVC inhibits mitochondrial site I

and II respiration and succinate dehydrogenase activity in
isolated mitochondria (18, 19). In addition, DCVC increases
both the cytosolic and mitochondrial Ca2� concentrations in

PTC and LLC-PK, cells (5, 21, 23, 24). The mitochondrial

Ca2� increase, in turn, is involved in the initiation of lipid

hydroperoxide formation (5, 24); prevention of mitochondrial

accumulation of Ca2� by an inhibitor of the mitochondrial

Ca2� uniporter, ruthenium red, protects against lipid hy-

droperoxide generation. Thus, the mitochondria become the
site of the initiation of oxidative stress.

In the present study, we investigated the role ofcomplex II
in the oxidative cell injury caused by DCVC. The results

strongly suggest that SQR activity of complex II is important

in the maintenance of a functional cellular antioxidant de-

fense system; interference with this complex may increase

the susceptibility for oxidative stress-induced cell damage.

Materials and Methods

Chemicals. DhRhol23 was obtained from Molecular Probes (Eu-
gene, OR); collagenase (from Clostridium histolyticum), BSA (Frac-
tion V), KCN, rotenone, antimycin, TTFA, oxaloacetic acid, coenzyme
Q9, coenzyme Q1o, propidium iodide, Rho123, and EGTA were ob-
tamed from Sigma Chemical Co. (St. Louis, MO); and HEPES was

obtained from Boehringer Mannheim (Mannheim, FRG). DCVC was

kindly provided by Dr. J. M. N. Commandeur (Department of Phar-
macochemistry, LACDR, Free University, Amsterdam, The Nether-

lands). 35S-(1,2-dichlorovinyl)-L-cysteine (specific activity, 21.6 �.tCiJ
�.tmol) was a generous gift from Dr. J.,L. Stevens (W. Alton Jones Cell

Science Center, Lake Placid, New York).
Isolation of proximal tubular kidney cells. Male SPF

Wistar/Wu rats from the Sylvius Laboratories (Leiden, The Nether-

lands), weighing 200-250 g, were used throughout all the experi-

ments. Animals were housed in Macrolon cages with hardwood bed-

ding and had free access to food (MRH-B, Hope Farms B.V.,
Woerden, The Netherlands) and tap water. An alternating 12-hr

lightldark cycle was maintained in the animal rooms.
Proximal tubular kidney cells were isolated as described previ-

ously (23, 32). With this method, a cell preparation was routinely

obtained that stained 95% positive for �y-glutamyltranspeptidase and

90% positive for nonspecific esterase with a viability of 90-95%, as
determined by trypan blue exclusion (32). The cells were suspended
in Hanks’ balanced salt solution, pH 7.4, (137 mM NaC1, 5 mM KC1,

0.8 mist MgSO4�7H2O, 0.4 mM Na2HPO4�2H2O, 0.4 mM KH2PO4, 1.3

mM CaC12, 4 mM NaHCO2, 20 mM HEPES) containing 5 mM glucose,
5 mM glycine, and 2.0% (w/v) BSA (buffer A) gassed for 30 mm with

95% O�/5% CO2. Glycine was also added to the incubation buffer
because in this study we evaluated the effect of various MRC inhib-
itors that are cytotoxic to PTC (Table 1). The cytotoxicity of these

compounds is prevented by the addition of glycine to the incubation
buffer (Table 1), as described previously (36, 40). This enabled us to
investigate the role of the respiratory chain in DCVC-induced cyto-

toxicity caused by oxidative stress.
Flow cytometric analysis of oxidative stress, �i, and cell

death in PTC in suspension. Freshly isolated PTC were sus-

pended in buffer A at a density of 0.5-1.0 X 106 cells/mI. The

suspension routinely contained -50% single cells, 45% cell clusters

consisting of 2-5 cells, and -5% cell clusters of up to 20 cells, as

determined with light microscopy. Cells were incubated in Costar

culture flasks at 37#{176}for 30 mm before the start of the experiments.
Hydroperoxide formation was determined by flow cytometric anal-

ysis using the nonfluorescent probe DhRhol23, which can be oxi-

dized by hydroperoxides to the fluorescent Rho123. This probe is
specific for hydroperoxides and does not react with superoxide anion

(33, 34). PTC were incubated with 10 j.tM DhRhol23 for 15 mm at
370, after which experiments were started. Before flow cytometric
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a Significantly different from treatment control (analysis of variance; p � 0.05).

b Significantly different from the same treatment without glycine (analysis of

variance; p � 0.05).
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TABLE 1

Effect of glycine on the cytotoxicfty of various inhibitors of the
respiratory chain
PTC were incubated with 1 mM KcN, 5 p.�.i antimycin A, 20 pi�i Rot, 250 �.u.i TTFA,
or 1 0 m� Oxa in either the absence or presence of 5 m� glycine. The effect on �‘l’
and viability was determined after 30 mm and 60 mm, respectively, by flow
cytometric analysis using Rhol 23 and propidium iodide, as described in Materials

and Methods. Shown is the �P as percentage of the control (mean ± standard
error of three experiments) and percent cell death (mean ± standard error of three
experiments).

Treatment �‘l, Cell death

%

Control 100 11 ± 1

+ glycine 109 ± 1 9 ± 1
KCN 59#{247}58 42±10a

+ glycine 56 ± 4� 18 ± 3,b

Antimycin A 65 ± 3� 30 ± &
+ glycine 72 ± 5� 11 ± 2”

Rot 65±la 29±4a
+ glycine 61 ± 3� 19 ± 3a.b

TIFA 104±2 15±2
+ glycine 113 ± 6 12 ± 1

Oxa 99±2 10±2
+ glycine 112 ± 4 9 ± 1

analysis, P1 (5 �.tM final concentration) was added to the cells. The
Rho123 and P1 fluorescence properties of individual cells and cell

clusters were analyzed using a FACScan flow cytometer (Becton

Dickinson, San Jose, CA) equipped with an argon laser, using the
Lysis program. Rho123 fluorescence was detected by the Fl1 detector

(emission, 500-550 am corresponding to green fluorescence), and P1

fluorescence was detected by the Fl3 detector (emission, >600 nm

corresponding to red fluorescence). Incubation of PTC with
DhRhol23 resulted in three distinct populations of cells: population
Ri with P1-negative fluorescence properties, indicating viable cells

and cell clusters; population R2 with P1-positive fluorescence prop-
erties, indicating dead individual cells and cell clusters containing
only dead cells; and population R3 with P1-positive fluorescence
properties (Fig. 2A). The latter population consisted ofcell clusters of

both viable and dead cells as indicated by its staining with Rho123
(24). The mean Rho123 fluorescence of P1-negative cells (i.e., the
viable cells present in population Ri) loaded with DhRhol23 was

calculated. For each separate experiment, the autofluorescence of
P1-negative cells was determined. Oxidative stress was expressed as
the percentage of fluorescence at t = 0 and calculated as follows: [(C
- A)/(B - A)], where A is the autofluorescence ofPI-negative cells, B
is the Rho123 fluorescence of P1-negative cells at t = 0, and C is the
Rho123 fluorescence of P1-negative cells from the sample.

�III and cell death were also determined by flow cytometry, as
described previously (5, 23).

Determination of covalent binding of DCVC to macromol-
ecules. PTC were incubated at a density of 1-2 . i0� cells/ml in

buffer A and incubated with 35S-labeled DCVC (0.27 �tCi/g.tmol) in
either the absence or presence of various inhibitors. After a 30-mm

incubation, PTC were washed three times with PBS, pH 7.4, at 4#{176};
then, cells were resuspended in 500 �tl PBS, and 250 p.l 20% (w/v)

trichloroacetic acid was added. After vigorous vortexing, the cellular
precipitate was pelleted by centrifugation for 5 mm at 14,000 X g.
The supernatant was removed for determination of nonprecipitable
radioactivity. The pellet was washed two times with 500 p1 PBS and
250 pJ 20% (w/v) tnchloroacetic acid; thereafter, the pellet was

dissolved in 250 � 1 N NaOH. Radioactivity was determined by
liquid scintillation counting. Radioactivity was correlated to the
amount of cellular protein and expressed as nmol bound/mg cell
protein. Protein was measured using the Bradford method with BSA
as the standard.

green-fluorescence (Rho123)

Fig. 2. Flow cytometnc analysis of hydroperoxide formation in freshly
isolated PTC. PTC loaded with DhRhol 23 and P1 were analyzed as
described in Materials and Methods. A, Two-dimensional density plot
of green fluorescence (Rho123) and red fluorescence (P.!.) of untreated.
B, Frequency histograms of the green fluorescence of Rhol 23-positive
and P1-negative cells (population Ri) of untreated PTC. C, Frequency
histograms of the green fluorescence of Rhol 23-positive and PI-neg-
ative cells (population Ri) of PTC treated with 400 �M DCVC for 30 mm.

Determination ofthe enzyme activity ofcomplexes I and II.
FTC were incubated at a density of 1-2 . 106 cells/rn) in buffer A with

various concentrations of DCVC in absence or presence of inhibitors.

After either 15 or 30 mm, a 1-nil sample was taken, and PTC were
washed two times with PBS, pH 7.4, at 4#{176},by centrifugation for 2 mm

at 50 x g. Thereafter, cells were resuspended in 1 ml PBS and
directly frozen in liquid nitrogen.

Complex I activity was analyzed by determining NADH:Q oxi-
doreductase activity using a double-wavelength spectrophotometer.
Briefly, to 890 �tl assay buffer (50 mM KC1, 10 mM TrisHCl, 1 mist
EDTA, 2 mM KCN, pH 7.4, 25#{176},containing 75 �tM NADH), 100 �tl
cellular homogenate was added. After stabilization ofthe absorbance
(340-380 ma), the reaction was started by the addition of 100 pA

(100 j.tM final concentration), and �.A34�350 was measured. An ex-

tinction coefficient of 5.5 mM � �m ‘ was used to calculate enzyme
activity.
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Complex II activity was analyzed by measuring the SQR activity
using a double-wavelength spectrophotometer. To 900 pJ assay

buffer (50 mM KHPO4, 100 �M EDTA, 1 mM KCN, 0.1% BSA [w/v],

pH 7.4, at 25#{176},containing 80 �.tM Q�), 100 �d sample was added. After

stabilization of the absorbance (270-330 am), the reaction was
started by the addition of 100 �l succinate (10 mM final concentra-
tion), and �27O-33O was measured. An extinction coefficient of 9.6
mM_i cm�’ was used to calculate enzyme activity.

Enzyme activity of complexes I and II was correlated to the

amount of cell protein.
Determination of reduced and oxidized Q. Reduced (QH2)

and oxidized (Q) Q9 and Q10 were analyzed as described by others
(10). PTC were suspended at a density of 3-6 . 106 celis/ml. After a

30-mm preincubation, cells were exposed to DCVC (400 pist) with or
without inhibitors added just before the addition of DCVC, unless

stated otherwise. After 30 mm, 2 ml ofthe cell suspension was added

to a tube containing ice-cold 2 ml methanol and 5 ml petroleum ether
(fraction 40/60) containing 1 mg pyrogallol/ml to prevent oxidation of

ubiquinol during processing. The tube was extensively vortexed and

then centrifuged for 10 mm at 2000 x g. The petroleum ether layer
was removed, and 5 ml fresh petroleum ether was added to the tube,

and it was again vortexed extensively and centrifuged for 10 mm at
2000 x g. The latter extraction step was repeated two times. The
petroleum ether fractions were pooled, and petroleum ether was
evaporated with analytical grade nitrogen gas. Lipids were dissolved
in 250 �Ll methanol just before HPLC analysis. The HPLC system

consisted ofa Separations pump model 300, an Inertsil 2-C18 column

(25 x 0.35 cm: particle size, 5 jim), a Separations Spektroflow 759A

variable-wavelength detector, and a Shimadzu Chromatopac C-R6A

recorder. The mobile phase (40% [v/v] acetonitrile, 40% [v/v] tetra-

hydrofuran, 15% [v/v] methanol, and 5% [v/v] water) was run at a
flow rate of 0.45 mI/mm. Reduced and oxidized coenzyme Q9 eluted

at 14 and 18 mmn and coenzyme Q10 eluted at 20 and 23 miii,
respectively, and were determined at 285 am. During the entire

procedure, >90% of QH2 remained reduced. The amount of QH2 and

Q was calculated using a standard curve of both reduced and oxi-

dized Q and expressed as the percentage ofQH2 oftotal Q (QH2 + Q)
present in the cells, calculated as [(QH�/Q + QH2) . 100%}.

Statistical analysis. Results are expressed as the mean ± stan-

dard error of four or five independent experiments, unless stated
otherwise. The difference between two groups were analyzed with
the use of an unpaired Student’s test, and differences between more
than two groups were determined with a one-way analysis of van-

ance.

Results

Covalent binding of DCVC to cellular macromole-

cules. To determine whether there was a correlation be-

tween cell death and covalent binding ofreactive metabolites

of DCVC, cells were incubated with 35S-DCVC. Covalent
binding was concentration dependent and increased to 54

nmol/mg cell protein at 400 �M DCVC after a 30-mu uncu-
bation (Table 2). Binding was prevented by an inhibitor of
cysteine conjugate p-lyase, AOA (1 m) (Table 2), indicating

that the binding required the formation of reactive metabo-
lites from DCVC. This correlated with complete protection

against cell death by AOA. Although the antioxidant DPPD

completely prevented the hydroperoxide formation (see later)

and cell death, it did not prevent the covalent binding (Table
2).

Relationship between formation of hydroperoxides

and cell death caused by DCVC. Hydroperoxide formation

was measured with the use of the nonfluorescent compound
DhRhol23, which is oxidized by hydroperoxides to the fluo-

rescent compound Rho123. To evaluate which class of hy-

TABLE 2
Effect of Inhibitors on DCVC-lnduced cytotoxlcfty and covalent
binding to cellular macromolecules
PTC were incubated with various concentrations of [�S]DCVC (specific activity,
0.27 MCVMmoI) in either the presence or absence of inhibitors. After a 30-mm
incubation, the covalent binding to TCA-precipitable cellular macromolecules was
determined as described in Materials and Methods section. Cell death was
determined after a 60-mm incubation by flow cytometnc analysis as described in
Materials and Methods. Shown are cell death and the amount of covalent binding

given as mean ± standard error of four independent cell isolations.

Treatment Cell death Covalent binding

% nmol/mg cell
protein

Control 14 ± 3 -
1’5S]DCVC

100_ 22±3 10±1

200�.�M 39±4 24±2
400MM 50±6 54±4
400 �M + AOAb 15 ± 3� 6 ± ia
400 �M + DPPD’ 16 ± 2� 52 ± 5

a Significantly different from DCVC (400 p.i) (analysis of variance, p � 0.05).
b PTC were pretreated with AOA (1 mM) for 15 mm before the addition of

Dcvc.
C DPPD (20 ILM) was added just before the addition of DCVC.

droperoxides (hydrogen peroxide or lipid hydroperoxides)

were measured, PTC loaded with DhRhol23 were incubated
with 1 mM H2O2 in the presence or absence of either the iron

chelator 1 mist DEF or the chain-breaking lipophilic antioxi-

dant 20 p.M DPPD, and after 10 mm the fluorescence unten-
sity of P1-negative cells (i.e., living cells) was determined.

H202 increased the green fluorescence intensity of PI-nega-

tive cells -6-fold, indicating the oxidation of DhRhol23 to
Rho123 (Table 3). To investigate whether this was dependent

on H202 and/or (phospho)lipid hydroperoxides, PTC were
incubated with DEF to inhibit the formation of hydroxyl

radicals formed through the iron-dependent Haber-Weiss re-
action, which in turn can initiate lipid peroxidation. PTC

were also incubated with DPPD to inhibit lipid peroxidation.
Both DEF and DPPD inhibited the H202-induced DhRhol23
oxidation almost completely (Table 3), although a small in-
crease in oxidation over control was observed. These results

indicate that both H202 and products formed during lipid
peroxidation (presumably lipid hydroperoxides) can be de-

tected with the use of DhRhol23. In the presence of either

DEF or DPPD, the increase in DhRhol23 oxidation may
mainly reflect H202, whereas in their absence, both H202

TABLE 3

Effect of DEF and DPPD on oxidation of DhRhol23 in PTC
caused by H202
PTC loaded with DhRhol 23 were treated with 1 m� H202 in the presence or
absence of either DEF (1 mM) or DPPD (20 j.a�i). After 10 mm, the amount of
oxidation of DhRhol23 in P1-negative cells (i.e., living cells) was determined by
flow cytometric analysis as described in Materials and Methods. DEF and DPPD
were added 1 5 mm before the addition of H202. Values shown are the relative
amount of DhRhol23 present in the cells expressed as times over control (mean
± standard error of four experiments).

Treatment DhRhol23 oxidation

Control 1 .00k

+ H2O2 6.41 ± 038b

+ DPPD 0.79 ± 003b

+ H2O2 0.97 ± 006b,c

+ DEF 0.82 ± 004b

+ H2O2 1 .23 ± 0.20�c
a arbftrary fluorescence units.
b Significantly different from control (analysis of variance, p � 0.05).
C Significantly different from the same treatment without H202 (analysis of

variance. p � 0.05).
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and, presumably, lipid hydroperoxides are detected with

DhRhol23. At the concentration used for detection of lipid

peroxidation in these experiments, DhRhol23 did not cause

cell death, nor could it prevent cell death caused by prooxi-

dants such cumene hydroperoxide or t-butylhydroperoxide;

therefore, there is no pronounced antioxidant effect at this

DhRhol23 concentration.

Incubation of PTC with DCVC resulted in an increase in

the Rho123 fluorescence of the P1-negative (i.e., living) cells

(Fig. 2, B and C). The increase was both time and concentra-

tion dependent on DCVC (Fig. 3A) and occurred before the

onset ofcell death (Fig. 3B). With 400 p.M DCVC, a maximum
in Rho123 fluorescence intensity of P1-negative cells was

observed after a 30-mm incubation. The antioxidant DPPD

completely prevented DhRhol23 oxidation (not shown) and

cell death (Table 3). Also, the iron chelator DEF (1 mM)

prevented DhRhol23 oxidation and cell death (not shown).

This suggests that the majority of hydroperoxides, measured

after exposure of PTC to DCVC, are formed during lipid

peroxidation and therefore most likely represent lipid hy-

droperoxides.

The inhibitor of f3-lyase, AOA, also completely prevented

hydroperoxide formation (not shown) and cell death (Table

3), suggesting that formation ofreactive DCVC metabolites is

coupled to oxidative stress.

Miller et al. (40) demonstrated that glycine inhibits the cell

death of rabbit P’FC caused by a low concentration of DCVC

(25 j.LM). To determine whether in our system the presence of

glycine influenced the mechanism by which DCVC causes

cytotoxicity, PTC were incubated with DCVC in either the

absence or presence of glycine. In the presence of glycine,

DCVC caused the same extent of hydroperoxide formation
(Fig. 4A) and cell death (Fig. 4B) as in its absence. To inves-

tigate whether in the absence of glycine lipid peroxidation

was also the major cause of DCVC-induced cell death, PTC

incubated in the presence or absence of glycine were treated

with DCVC plus DPPD. In the absence of glycine, the anti-

oxidant DPPD was still cytoprotective against both hydroper-

oxide formation and cell death (Fig. 4, A and B). However, at

later timepoints, DPPD could not prevent cell death caused

by DCVC when glycine was absent.

Effect of DCVC on the enzyme activity of complexes
I and II. Both Lash and Anders (18) and Hayden and

60

50
(I)

ii)
� 40 ccx 11)
0 �0
�i 30 =

�
� 20

10

0 0

0 10 20 300 20 40 60

mcnutes minutes

Fig. 4. Effect of glycine on DCVC-induced hydroperoxide formation
and cell death. PTC were incubated with DCVC (400 �M) in the pres-
ence or absence of DPPD (20 �M) in Hank’s balanced salt solution!
HEPES buffer in which glycine (5 mM) was either added or omitted.
Hydroperoxide formation and cell death were analyzed as described in
Fig. 3 legend. Values are given as mean ± standard error of four
independent cell isolations. *, Significantly different from DCVC-treated
cells alone (analysis of variance, p � 0.05); #, significantly different from
the same treatment with glycine (analysis of variance, p � 0.05).

Stevens (19) demonstrated that treatment of isolated mito-

chondria with DCVC results in an inhibition of both site 1

and site 2 respiration as well as succinate dehydrogenase

activity, suggesting inhibition of both complex I and complex

II activity. Because DCVC also causes mitochondnal injury

in both freshly isolated PTC (5, 23) and renal proximal tu-

bules from the rabbit (41), the effect of DCVC on the activity

of both complex I and II in intact PTC was determined. The

activity ofcomplex I, as assessed in the cell homogenate, was

decreased by only 10% after a 15-mm incubation with 400 p.M

DCVC and did not decrease any further after a 30-mm incu-
bation of PTC. This effect of DCVC was independent on the

activity of (3-lyase since AOA did not prevent it (Table 4). In

contrast, the activity of complex II was already decreased by

36% after a 15-mm incubation with DCVC. The �-lyase in-

hibitor AOA completely protected against this decrease (Ta-

ble 4), but it was not prevented by the antioxidant DPPD.

TABLE 4

Effect of DCVC on the activity of complexes I and II
PTC were incubated with various concentrations of DCVC for either 1 5 or 30 mm,
and the effect on the activities of complexes I and II were determined by mea-
suring NADH:Q oxidoreductase and SQR activity respectively. Activity is ex-
pressed as mean ± standard error percentage of untreated control incubations of
three or four independent cell isolations. The activities of both complexes I and II
were determined for each sample.

16

Cl)
�12

0

a
0

�0
>4

0

-0- control B
-.- 400 Li.l

1�.�-
-a- 200 LIA #{149}

-‘- 100 uM

T/1 /
-O-25J�1 �I

60

-C

40 0
0

�0

a)
20 U

Treatment
Complex I

30 mm

Complex II

15 mm 30 mm

Control 1 00 1 00#{176} 1 00L�

DCVC

100 j.�M NDC 101 ± 6 75 :t

200 �M NDC 77 ± 13c� 64 ± 8c�
400 �M 88 ± 4 64 ± gd

8d

400 �M + AOA
400 �M + DPPD

86 ± 7

79 ± 5d

106 ± 1 oe
71 ± 11d

95 ± 7e

52 ± 12”
0

0 20 40 600 20 40 60

minutes minutes

Fig. 3. Effect of DCVC on hydroperoxide formation and cell death.
PTC were incubated with either 25, 100, 200, or 400 �M DCVC, and the
effects on hydroperoxide formation and cell death were analyzed as
described in Materials and Methods. Values are given as mean ±

standard error of five independent cell isolations.

a Mean activity of NADH:Q oxidoreductase activity of untreated PTC was 2.1 ±

0.4 �xmoVmg cell protein/mm (mean ± standard error of four different cell isola-
tions).

b Mean activity of SQR activity of untreated PTC was 6.6 ± 1 .1 �mol/mg cell
protein/mm (mean ± standard error of four different cell isolations).

C Not determined.
d Significantly different from control (analysis of variance, p < 0.05).
a Significantly different from DCVC (analysis of variance, p � 0.05).
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Effect of inhibition of complex H on the DCVC-in-
duced oxidative cell injury. To investigate whether unhi-
bition ofcomplex II affects the antioxidant properties of PTC,

cells were incubated with TTFA, an inhibitor of SQR (35).

Exposure ofPTC to DCVC (400 p.M) together with TTFA (250

p.M) potentiated hydroperoxide formation and cell death
caused by DCVC (Fig. 5, C and F). TTFA also potentiated

hydroperoxide formation and cell death caused by 100 p.M

(Fig. 5, A and D) and 200 p.M DCVC (Fig. 5, B and E). TTFA

(250 p.M) did not cause cytotoxicity during the time period of

the experiment (Table 1).

Effect of inhibition of cytochrome c oxidase on the
DCVC-induced oxidative stress and cell death. To in-
vestigate the role of SQR activity as part of a cellular anti-

oxidant pathway, we treated cells with an inhibitor of cyto-

chrome c oxidase, KCN, which increases the succinate-

mediated prevention of oxidative stress in submitochondrial

particles (9). KCN could be used because glycine was present

in the buffer, which protects against KCN-induced toxicity to

proximal tubules (Table 1; Ref. 36). KCN (1 niM) clearly
prevented the formation of hydroperoxides and cell death

caused by DCVC (Fig. 6, A and B). To investigate whether the

cytoprotection by KCN was related to either NADH:Q reduc-

tase activity or SQR activity, PTC were treated with KCN in

combination with an inhibitor of complex I, Rot, or an inhib-

itor of complex II, Oxa, respectively. Inhibition of complex I

by Rot (20 p.M) (Fig. 6) and complex III by antimycin (5 p.M)

(results not shown) did not prevent the KCN-mediated cyto-

protection. In contrast, Oxa (10 mM) almost completely over-
ruled the KCN cytoprotection against the DCVC-induced

oxidative stress and cell death (Fig. 6). This effect was even

more pronounced when Oxa was used in combination with

Rot (Fig. 6). A similar inhibition of the KCN-mediated pro-

tection against DCVC-induced oxidative stress was observed

with another inhibitor of complex II, TTFA (250 p.M) (not

shown).

Effect of DCVC on the redox state of cellular Q. The

antioxidant properties resulting from the SQR activity of

complex II in isolated submitochondnial particles are related
to the redox state of Q; formation of QH2 resulted in protec-

tion against oxidative stress (9-11). We hypothesized that

inhibition of complex II caused by DCVC might affect the

redox state of Q and thereby reduce the cellular protection

against oxidative stress. To investigate this, we determined

whether the DCVC-induced cytotoxicity was associated with

a decrease in the redox state of Q (expressed as QH�/Q +

QH2). In untreated PTC, QH2 was 41% of total Q. After a

30-mm incubation with DCVC (400 p.M), QH2 had diminished

to only 10% of total Q, clearly demonstrating a decrease in

the amount of reduced Q (Fig. 7). The total amount of Q after

exposure to DCVC was unchanged, indicating that DCVC

affected only the redox state of Q and left Q intact. The

decrease of QH2 was largely prevented by AOA (Table 5). In

contrast, the antioxidant DPPD, although equal in prevent-

ing DCVC-induced cell death, did not prevent the DCVC-

induced decrease of QH2 (Table 5), indicating that this de-

crease is not caused by oxidative stress.

Effect of KCN on the redox state of Q. To investigate

whether KCN-mediated cytoprotection against the DCVC-

induced oxidative cellular injury was related to changes in

the redox state of Q, we also defined the effect of KCN on

(QH�/Q + QH2). Treatment of PTC with KCN (1 mist) for 30

mm resulted in a 60% increase in the percentage ofQH2 (Fig.

7). In the presence of KCN, the decrease in (QH�/Q + QH2)

(1)
a)

�0
x
0
G)
0.
0

�0
>�

-C

-C

(0
�i)

�0

a)
0

Fig. 5. Effect of TIFA on the
DCVC-induced hydroperoxide
formation and cell death. PTC
were treated with either 100 (A
and D), 200 (B and E), or 400 (C

and F) jiM DCVC in the absence
or presence of TTFA, and the ef-
fects on hydroperoxide formation
(A through C) and cell death (D
through F) were analyzed as de-
scribed in Fig. 3 legend. TIFA
(250 �M) was added just before
the start of the experiment. Val-
ues are given as mean ± stan-
dard error of four independent cell
isolations. *, Significantly differ-
ent from DCVC-treated cells
alone (Student’s t test; p � 0.05).
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a Significantly different from control (analysis of variance, p < 0.05).

b Significantly dIfferent from DCVC (analysis of variance, p � 0.05).

caused by DCVC was less; in this case, the percentage of QH2

was equal to the control level without DCVC (Fig. 7). When
20 PTC were treated with Rot (20 p.M), which itself decreased

QH2 by 74%, KCN could not increase QH2 (Table 6). How-

ever, when PTC were incubated with an inhibitor of complex

0 II, Oxa (10 mM), KCN could still increase the QH2 in the cells,

although the absolute amount of QH2 present was less than
with KCN alone (Table 6). Inhibition of complex II with
either Oxa or TTFA alone also decreased QH2 in the PTC

*

� control

-

80

60

0
C

�40

20

0
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(I)
‘:1)
�0

x
0

0.
0

0
>�

minutes

Fig. 6. Effect of KCN in combination with either Rot and/or Oxa on the
DCVC-induced hydroperoxide formation and cell death. PTC were
treated with 400 p.M DCVC in the absence or presence of inhibitors.
KCN (1 mM) and Rot (20 p.M) were added just before the start of the

experiment, whereas Oxa (10 mM) was added 15 mm before the addi-
tion of DCVC. The effect on hydroperoxide formation and cell death
were analyzed as described in Fig. 3 legend. Values are given as mean
± standard error of four independent cell isolations. *, Significantly
different from DCVC-treated cells alone (analysis of variance, p � 0.05);
#, significantly different from DCVC/KCN-treated cells (analysis of van-
ance, p � 0.05).

-KCN ±KCN

Fig. 7. Effect of KCN on the DCVC-induced decrease of the redox
state of Q. PTC were treated with DCVC (400 j.�M) in the presence or
absence of KCN (1 mM). KCN was added just before the start of the
experiment. After a 30-mm incubation, Q was extracted from the cells,

and reduced and oxidized Q were analyzed by HPLC analysis as
described in Materials and Methods. Values are expressed as mean ±

standard error percentage quinol content in the cells versus total Q
present in the cells of four to seven independent cell isolations. *,

Significantly different from untreated PTC (analysis of variance, p �
0.05).

TABLE 5

Effect of DPPD and AOA on the DCVC-lnduced decrease of
(QH�/Q + QH�)
PTC were incubated with DCVC (400 �u�i) in either the presence or absence of
AOA (1 mM) or DPPD (20 �i). AOA was added 15 mm before the start of the
experiments. After a 30-mm incubation, Q was extracted and analyzed by HPLC
as described in Materials and Methods. Numbers in parentheses indicate percent
of control.

Treatment (QH,/0 + OH,)

% contro!
Control 41 ± 3 (100)

DCVC 1 0 ± 48 (25)
+ AOA 33 ± 4b (80)
+ DPPD 12 ± 2 (29)

(Table 6).

Discussion

To study the role of complex II in protection against xeno-
biotic-induced oxidative stress, we used the nephrotoxic LL-

cysteine S-conjugate DCVC. This conjugates causes oxidative

stress in renal tubular epithelial cells (Fig. 3; Ref. 5), which
is recognized as a major event in the initiation ofcell death by

this compound (5, 20, 22, 24). Observations in submitochon-

drial particles suggested that complex II ofthe MRC plays an
important role in the protection of cells against oxidative

stress (9-12, 15). Because neph.rotoxic cysteune conjugates

cause mitochondnial injury (5, 18, 19, 23), including inhibi-
tion of succinate dehydrogenase activity in isolated mito-

chondnia from renal cortex (18), we hypothesized that the
oxidative stress caused by the cysteine conjugates was re-

lated to decreased activity of complex II. DCVC treatment of

TABLE 6

Effect of various inhibitors of the MRC on the KCN-mediated
Increase of (QH�1Q + QH�)
PTC were Incubated either with KCN (1 mM), Rot (20 p,i), Oxa (10 mM), or TTFA
(250 pi.i). In cotreatments with KCN, other inhibitors were added 15 mm before
the addition of KCN. Oxa was always added 15 mm before the start of the
experiment. After a 30-mm incubation, Q was extracted and analyzed by HPLC as
described in Materials and Methods. Values are given as mean ± standard error
of three to five experiments.

Treatment (OH,/O + OH2) % of control

Control 39 ± 5 100
KCN 64±lla 164

+ Rot 12 ± 4a.b 31
+Oxa 37#{247}14b

95

+ Rot/Oxa 9 ± 4a.b 23
Rot 10±2k 26
Oxa 8±2k 21
Rot/Oxa 8 ± 3� 21
TTFA 15±6a 38
a Significantly different from control (analysis of variance, p < 0.05).
b SignIficantly different from KCN (analysis of variance, p s 0.05).
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PTC decreased SQR activity after a 15-mm incubation (Table

3), before the increase in the formation of hydroperoxides

occurred. The NADH:Q reductase activity of complex I re-
mained unaffected. This suggests that complex II is a target

of the respiratory chain in DCVC-unduced PTC injury. The

latter hypothesis is supported by observations that DCVC
inhibits succinate-dehydrogenase activity and succinate-de-

pendent respiration in isolated rat renal mitochondria (18,
19). The DCVC-induced decrease in the activity of complex II
is dependent on cysteune-conjugate �3-lyase metabolism (Ta-

bles 2 and 3). This suggests that covalent binding of reactive

metabolites ofDCVC to specific proteins ofthe MRC, possibly

also to components of complex II, may cause the decrease in

SQR activity and thereby increase the susceptibility to oxi-

dative stress. Although several mitochondrial matrix pro-
teuns, e.g., HSP6O, mortalin, 2-oxoglutarate, malate dehydro-

genase, and methylmalonate semialdehyde dehydrogenase,

have been identified as targets for reactive metabolites of the
nephrotoxic cysteine conjugates (37, 38), this has not been
investigated for the complex II proteins. It would be inter-

esting to investigate whether covalent binding occurs to

these proteins to further delineate the molecular pathways

involved in failure of the antioxidant machinery and/or the

initiation of the oxidative stress after exposure to nephro-

toxic cysteine conjugates.
Ifcomplex II is involved in the protection against oxidative

stress, then an inhibition of complex II (preventing SQR

activity) should potentiate the hydroperoxide formation and
cell death caused by DCVC. Therefore, we treated cells with

TTFA, which interacts with the iron-sulfur center 5-3 of
complex II, resulting in prevention of Q reduction (35, 39;

Table 4). TTFA clearly potentiated the DCVC-unduced oxida-
tive stress and cell death, even at the very low DCVC con-

centration of 100 p.M; this indicated that inactivation of com-

plex II increases the susceptibility to oxidative cell injury.
Under normal conditions, complex II activity is linked to

reduction of cytochrome c, so that only a portion of the re-

ducing equivalents entering complex II may be used for its
antioxidant function (Fig. 1). Therefore, blockade of the re-

spiratory chain at a site distal from complex II would prevent
the cytochrome c reductase-related activity of complex II and
therefore might increase the availability of reducing equiva-
lents for the antioxidant-related SQR activity of complex II

(Fig. 1). To investigate this, we incubated PTC with an in-

hibithr of cytochrome c oxidase, KCN, which almost com-
pletely prevented the oxidative cell injury by DCVC. The
KCN-mediated cytoprotection was not related to activity of
complex I or III, since neither Rot nor antimycin could pre-
vent it. In contrast, a competitive inhibitor of succinate de-
hydrogenase, Oxa, overruled the KCN-mediated protection
against oxidative stress. Together, these data strongly sug-

gest that complex II is part ofa cellular antioxidant pathway.

In submitochondrial particles, the antioxidant properties

of complex II have been related to the SQR activity, which
results in the reduction of Q to QH2, a potential antioxidant
that prevents oxidative stress in various biological systems

(6-8). The DCVC-induced decrease of SQR activity might

therefore decrease the reduction of Q, resulting in a decrease

in (QH�/Q + QH2), which would increase the susceptibility

for oxidative cell injury. DCVC decreased the amount of

cellular QH2 without affecting the total cellular content of Q.
The antioxidant DPPD did not prevent the DCVC-induced

decrease of QH2, indicating that the decrease in QH2 is not

the consequence of the oxidative stress. Other inhibitors of

complex II, Oxa and TTFA, were also capable of decreasing
QH2 in PTC, indicating a direct relationship between inhibi-

tion of complex II and the redox state of Q. The KCN-medi-

ated cytoprotection against the DCVC-induced oxidative

stress (as discussed) was clearly associated with an increased

level of cellular QH2, confirming an inverse relationship be-

tween total cellular QH2 and oxidative stress.

However, the role of QH2 was not equally straightforward
in all ofour experiments. Thus, the increase ofQH2 caused by

KCN was dependent on the activity of complex I, since Rot
inhibited the increase of QH2 completely. However, surpris-
ingly, Rot did not affect the cytoprotection by KCN. In con-

trast, inhibition of complex II with Oxa only partially pre-

vented the KCN-mediated increase of QH2, leaving QH2

values around control levels. However, Oxa overruled the

cytoprotection against oxidative stress provided by KCN.

These data suggest that the KCN-mediated cytoprotection

may depend on the reduction of Q by complex II rather than

on the total amount of reduced Q present in the cells. Al-

though the cumulative evidence indicates that SQR activity

of complex II is necessary for proper cellular protection

against oxidative stress, it thus is not clear whether this

activity is related to the formation of QH2 or to the recycling

of the even more potent antioxidant, a-tocopherol (12-15).

Because Oxa did prevent the KCN-mediated cytoprotection
(Fig. 6) at QH2 levels around control values (Table 4), we

believe that the antioxidant function related to the SQR

activity of complex II is coupled to another system with

antioxidant properties, which may be the recycling of ce-toco-

pherol. Although this has been demonstrated in isolated mi-

tochondria (13, 15), further experiments are needed to verify

this in intact cells.

Inhibition of complex II with TTFA did not cause oxidative
stress, suggesting that there are other antioxidant systems

acting in parallel to the SQR-related antioxidant pathway
that may be inhibited by DCVC. Vitamin E radical reductase,

DT-diaphorase, GSH-S-transferases, and GSH reductase

and GSH peroxidase (i.e., GSH redox cycle) have been impli-
cated in the protection against lipid peroxidation in various

systems (42-44). Although at present we do not know the

effect of DCVC on all of these enzyme systems, Lock and
Schnellmann recently found that DCVC inhibits GSH reduc-

tase (45). We also found that DCVC inhibits the enzymes of

the GSH redox cycle, GSH reductase and GSH peroxidase, in

PTC (46). This inhibition occurred after 10 mm, before the

increase in hydroperoxide generation. Furthermore, the thiol

reductant dithiothreitol prevented DCVC-induced hydroper-
oxide formation and cell death. Both depletion of mitochon-
drial glutathione, using 3-hydroxy-4-pentenoic acid, or oxida-

tion of thiols, using diamide, potentiated DCVC-induced

hydroperoxide formation and cell death (46). These data
strongly support the idea that in addition to inhibition of

complex II, the DCVC-induced perturbation of the GSH re-

dox cycle is involved in the oxidative cell injury caused by
DCVC. Depletion of mitochondrial GSH, using 3-hydroxy-4-
pentenoic acid, did not cause oxidative cell injury; however,

the addition of TTFA, which also does not cause oxidative

stress, rapidly increased hydroperoxide formation, followed

by cell death. Together, these data suggest that the antioxi-

dant function of the complex II acts in parallel with another
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antioxidant function, presumably GSH redox cycle, although

the role of other antioxidant systems cannot be excluded.

We propose the following mechanism for the DCVC-in-

duced oxidative cellular injury: DCVC is metabolized by re-

nal cysteine conjugate /3-lyase to reactive metabolites, which

bind covalently to macromolecules, especially in the mito-

chondria ( 19). This covalent binding affects the function of

these proteins, presumably including components of complex

II (as discussed) and enzymes of the glutathione redox cycle

(46 ). The decrease in activity of these enzymes causes a

failure of the cellular antioxidant system, thereby increasing

the susceptibility to oxidative cell injury. Oxidative stress

likely arises from the mitochondria because (i) prevention of

the uptake of mitochondrial Ca2 � inhibited the oxidative

stress (5) and (ii) various inhibitors of the MRC affected the

DCVC-induced hydroperoxide formation (results from

present study). The oxidative stress aggravates mitochon-

drial injury already caused by the binding of reactive metab-

olites of DCVC (5, 18, 19). Both the oxidative stress and

mitochondrial injury lead to irreversible cellular injury.

In conclusion, the present data demonstrate that complex

II of the MRC plays a role in a cellular antioxidant pathway

and that the inactivation of this complex by xenobiotics may

increase the susceptibility to oxidative cell injury.
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