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Abstract

To elucidate some of the subcellular and biochemical mechanisms of toxicity of metal-based antineoplastic drugs, mitochondria and

cells were exposed to Casiopeinas1, a new class of copper-based compounds with high antineoplastic activity. The rates of respiration and

swelling, the Hþ gradient, and the activities of succinate (SDH) and 2-oxoglutarate dehydrogenases (2-OGDH) and ATPase were

measured in mitochondria isolated from rat liver, kidney, heart, and hepatoma AS-30D. Also, oligomycin-sensitive respiration and ATP

content in hepatoma AS-30D cells were determined. Casiopeinas1 (CS) II-gly and III-i inhibited the rates of state 3 and uncoupled

respiration in mitochondria. CS II was 10 times more potent than CS III. The sensitivity to CS II was 4–5-fold higher in mitochondria

incubated with 2-OG than with succinate. Thus, at low concentrations (�10 nmol (mg protein)�1; 10 mM), CS II disturbed mitochondrial

functions only when 2-OG was present, due to a specific inhibition of 2-OGDH. At high concentrations (�15 nmol (mg protein)�1), CS II-

induced stimulation of basal respiration, followed by a strong inhibition, which correlated with Kþ-dependent swelling and cytochrome c

release, respectively; Kþ-channel openers induce a similar mitochondrial response. Mitochondria from liver, kidney and hepatoma

showed a similar sensitivity towards CS II, whereas heart mitochondria were more resistant. Oxidative phosphorylation and ATP content

were also decreased in tumor cells by CS II. The data suggested that CS affected several different mitochondrial sites, bringing about

inhibition of respiration and ATP synthesis, which could compromise energy-dependent processes such as cellular duplication.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

The success of cisplatin in the treatment of several solid

tumors, particularly testicular cancer [1–3], which was

unfortunately accompanied by severe side effects [4–6],

prompted the search and development of new metal-based

antineoplastic drugs with diminished toxic effects.

The predominant cisplatin toxic effect in both humans

and laboratory animals involves renal tubular dysfunction,

degenerative changes, and necrosis (reviewed by Goldstein

and Mayor [7]). At the subcellular level, several morpho-

logical alterations including mitochondrial swelling, chro-

matin condensation, and microvilli loss, develop in kidney

after cisplatin administration [4,8]. Kidney tubular epithelial

cells contain a large number of mitochondria, and thus some

of the cisplatin toxic effects seem to involve a direct

interaction with these organelles. Indeed, the cisplatin con-

centration in renal cortical slices is at least five times higher

than that in plasma [9]. Intracellularly, cisplatin is located in

all subcellular fractions, but it is mainly concentrated in

cytosol, microsomes and mitochondria [9–11]. This last

observation indicates an active uptake of the cisplatin cation

by cellular energy-dependent processes, which generate

negative-inside transmembrane electric gradients.
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Effects of cisplatin on the functions of kidney mitochon-

dria, either isolated or inside intact cells, comprise collapse

of membrane potential, disturbance of Ca2þ homeostasis,

inhibition of ADP-stimulated (state 3) respiration, and

enhancement in the formation of reactive oxygen species

[8,12,13]. Tumor mitochondria also undergo similar altera-

tions induced by cisplatin [14–16]. However, it has been

proposed that mitochondria might not be a primary target

for cisplatin and derivatives [17], since mitochondria are

only marginally impaired by micromolar cisplatin concen-

trations, which are in the range of concentrations used in

patients.

Despite this controversy, the observations on alterations

of mitochondrial function may have clinical relevance.

Mitochondria seem involved in tumorigenesis, through

mutagenesis by transfer and insertion of mitochondrial

DNA into nuclear DNA, or altered expression and mutation

of mitochondrial DNA-encoded proteins. Mitochondria

also seem involved in the maintenance of the malignant

phenotype by still unknown mechanisms, perhaps related

to ATP production [18,19]. Several different drugs, includ-

ing polycyclic aromatic compounds [20,21], aflatoxin [22],

cisplatin [23,24], and perhaps bleomycin [25], preferen-

tially bind to mitochondrial DNA than to nuclear DNA.

The naked (histone-lacking) mitochondrial DNA structure

facilitates the access of drugs, and its limited repair

mechanisms enhance mutation rate and permanent damage

induced by drugs and oxidative stress [19,26]. The devel-

opment of resistance to cisplatin in many tumor cell lines

also seems related to mitochondrial alterations [27].

Seeking less toxic metal-based antineoplastic drugs, it

was thought that the design and synthesis of mixed chelate

copper-based drugs should bring about such a result,

considering that copper is an essential metal ion [28].

Some of these copper-based drugs called Casiopeinas1

have exhibited greater antineoplastic potency than cispla-

tin in in vitro and in vivo studies of a variety of tumor cell

lines [28,29]. In addition, Casiopeinas1 also show super-

oxide dismutase-like activity [30] and a low potency to

induce genomic instability through intrachromosomal

recombination [31]; these features suggest that these drugs

have diminished undesirable side effects. However, the

toxicological effects of Casiopeinas1 on mitochondrial

functions have not been evaluated as yet.

2. Material and methods

2.1. Chemicals

The following compounds were acquired from Sigma:

sucrose, EGTA, protease Nagarse, digitonin 50%, safranin

O, dithiothreitol (DTT), thiamine pyrophosphate, 2,6-

dichlorophenol indophenol (DCPIP), phenazine methosul-

fate (PMS), Triton X-100, CCCP, pyruvate, 2-OG, succinate,

glutamate, malate, glucose-6-phosphate dehydrogenase,

rotenone, antimycin, and oligomycin. NADH, NADþ,

NADPþ, ADP, ATP, coenzyme A, hexokinase, and valino-

mycin were from Boehringer. Mops and Hepes were from

Research Organics. Horse heart cytochrome c was from

ICN. [3H]-Tetraphenylphosphonio ([3H]-TPPþ) was from

New England Nuclear. Pyranine was from Molecular

Probes. All other chemicals of analytical grade were from

J.T. Baker or Merck.

Casiopeinas1 II-gly [(4,7-dimethyl-1,10-phenanthro-

line) (glycinate) copper(II) nitrate] and III-i [(4,4-dime-

thyl-2,2-bipyridine) (acetylacetonate) copper(II) nitrate]

(Fig. 1), synthesized as describedbefore [32], were dissolved

in distilled water to 1 mg mL�1 weekly, stored at room

temperature and kept in the dark. Cisplatin acquired from

ABIC was freshly prepared to a concentration of 10 mM in

distilled water.

2.2. Mitochondrial and cellular preparations

Mitochondria from liver [33], kidney [34], heart [35],

and AS-30D hepatoma [36], liver submitochondrial parti-

cles (SMPs) [37] as well as AS-30D hepatoma cells [36]

were isolated from Wistar rats as previously described.

Protein was determined by the biuret method in the pre-

sence of 0.1% (w/v) deoxycholate, using bovine serum

albumin as standard.

2.3. Mitochondrial functions

Respiration of mitochondria was measured by using a

Clark-type O2 electrode in an air-saturated medium that

contained 120 mM KCl, 20 mM Mops, 0.5 mM EGTA,

5 mM K-phosphate, pH 7.2 (KMEPi buffer) at 308. Respira-

tion of SMP was measured in 250 mM sucrose, 10 mM

Hepes, 1 mM EGTA, of pH 7.3 (SHE buffer) at 308.
Tumor cells (40 mg protein/1.5 mL) were incubated in

Ringer–Krebs medium (120 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 1 mM KH2PO4, 1.4 mM CaCl2, 25 mM Hepes, pH

7.4) at 378 under orbital shaking (150 rpm). At predeter-

mined times, aliquots (2 mg protein mL�1) were trans-

ferred to the oxymeter chamber for determination of

cellular respiration at 378. The O2 solubility at 2240 m

altitude was 400 and 390 ng oxygen atoms mL�1 at 308 in

Fig. 1. Chemical structure of Casiopeinas1.
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KMEPi and SHE buffers, respectively, and 380 ng oxygen

atoms mL�1 at 378 in Ringer–Krebs buffer. The cellular

ATP content was determined in cells preincubated as

described above. The cell samples were treated with 3%

(v/v) perchloric acid and centrifuged; the supernatant was

neutralized with KOH/Tris and used for determination of

ATP by the standard enzymatic method with hexokinase

and glucose-6-phosphate dehydrogenase.

Membrane potential was measured qualitatively by

following the fluorescence signal of 5 mM safranin O

incubated with mitochondria (0.5 mg protein mL�1) in

KMEPi buffer plus 10 mM succinate and 1 mM rotenone

at 308; the excitation and emission wavelengths were 495

and 586 nm [38]. The Hþ gradient was also quantitatively

determined by measuring the [3H]-TPPþ distribution

across the inner mitochondrial membrane as described

elsewhere [39]. Swelling was measured at 25–288 by

following the optical dispersion of mitochondrial suspen-

sions (0.5 mg protein mL�1) at 540 nm. ATP hydrolysis

was determined from the scalar proton release measured

with the fluorescent probe pyranine as described before

[40].

2.4. Enzyme activities

The 2-OGDH activity was determined at 308 by follow-

ing the generation of NADH at 340 nm. Mitochondria

(0.5 mg protein mL�1) were incubated in KME medium

that contained 0.025% (v/v) Triton X-100, 0.85 mM thia-

min pyrophosphate, 1 mM NADþ, 10 mM 2-OG, and

15 mM MgCl2; the reaction was started by addition of

0.1 mM fresh CoA [41]. The SDH activity was determined

at 25–288 from the rate of reduction of 0.2 mM DCPIP at

600 nm by mitochondria incubated in 0.02% Triton X-100,

0.2 mM PMS, and 1 mM antimycin, in KME buffer; the

reaction was started by addition of 10 mM succinate. The

b–c1 cytochrome complex activity was determined from

the rate of ferricyanide reduction, which was measured by

the change in the absorbance difference at 440 � 490 nm

in a dual wavelength spectrophotometer and using an

extinction coefficient 0.59 mM�1 cm�1 [42]. The reaction

mixture contained KME buffer plus 0.5 mg protein mL�1,

0.6 mM KCN, 1 mM rotenone, and 1.5 mM sodium ferri-

cyanide; the reaction was started by addition of 5 mM

succinate.

2.5. Cytochrome c release

Liver mitochondria (10 mg protein) were added to 3 mL

(final volume) of KME or SHE buffer that contained

10 mM succinate, 5 mM Pi, 2 mM rotenone and different

CS II concentrations. At predetermined times, the mito-

chondrial suspension was centrifuged at 14,000 g for 3 min

at 48. The supernatant was used to determine the release of

cytochrome c by measuring the absorbance difference

spectrum of dithionite-reduced minus persulfate-oxidized

samples; for calculations the extinction coefficient used

was 19 mM�1 cm�1 for 550 � 540 nm [43].

3. Results

3.1. Respiration and membrane potential

ADP-stimulated (state 3) respiration was inhibited by

both CS II or III in a time-dependent fashion, in mito-

chondria incubated with 2-OG (Fig. 2A) or succinate (not

shown) as substrate. Similarly, membrane potential col-

lapsed in the presence of CS in a time- and concentration-

dependent manner (Fig. 2B). To establish the sensitivity

of liver and hepatoma mitochondria towards CS, respira-

tion was measured after 4 min of preincubation with CS II

using two different oxidizable substrates. The rates of

state 3 (Fig. 3A) and uncoupled respiration (Fig. 3C) with

2-OG were four to five times more sensitive to CS II than

the respective respiration with succinate (þrotenone).

There was not an apparent difference in respiratory

sensitivity towards CS II between liver and hepatoma

mitochondria. Under the same experimental conditions,

cisplatin at a concentration of 75 mM did not significantly

affect state 3 or uncoupled respiration in liver mitochon-

dria (data not shown).

At the range of concentrations that inhibited state 3

respiration supported by 2-OG (<10 nmol (mg protein)�1),

CS II did not affect basal (state 4) respiration. At

higher concentrations, CS II prompted stimulation of

basal respiration with succinate, and inhibition with 2-OG

(Fig. 3A, inset).

The use of safranin O allows the continuous monitoring

of changes in membrane potential, but it may not be a

quantitative measurement of this parameter [39,44]. There-

fore, membrane potential (Dc) was also quantitatively

determined by estimating the distribution of the lipophylic

cation TPPþ across the inner mitochondrial membrane. In

the presence of a high Pi concentration (5 mM), most of the

Hþ electrochemical gradient across the inner mitochon-

drial membrane is established by the electrical gradient or

Dc, since the chemical gradient or DpH is stabilized at a

value of approximately 0.1 [39,44]. The sensitivity of Dc
towards CS II (Fig. 3B) was similar to that attained for state

3 or uncoupled respiration, with 2-OG. However, Dc was

more sensitive to CS II than respiration with succinate as

oxidizable substrate, suggesting that low concentrations of

CS II may have other effects on liver and hepatoma

mitochondria.

The force–flux relationship (Fig. 3D), attained with

the low range of CS II concentrations (1–10 nmol

(mg protein)�1), revealed a proportional diminution of

both the rate of state 3 respiration and Dc when mitochon-

dria were incubated with 2-OG. This observation indicated

a strong inhibition of the Hþ gradient generating branch of

the oxidative phosphorylating pathway. On the other hand,
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mitochondria incubated with CS II and succinate exhibited

a diminution of Dc with no concomitant lowering of state 3

respiration. In consequence, at the same steady-state value

of Dc, mitochondria that oxidized succinate showed higher

rates of respiration than those with 2-OG. Thus, CS II

apparently uncoupled succinate oxidation.

The half-maximal inhibitory concentrations (IC50) for

CS are shown in Table 1. For the parameters measured in

liver mitochondria, CS II was up to 10–20 times a more

potent inhibitor than CS III. The higher sensitivity to CS II

when mitochondria oxidized 2-OG suggested a specific

inhibition of either 2-OG transport and dehydrogenation

or NADH dehydrogenation, sites that were not active

when mitochondria oxidized succinate (þrotenone).

Similarly, addition of 75 mM CuCl2 or Cu(NO3)2 fully

inhibited the rate of basal respiration in liver mitochon-

dria incubated with 2-OG in an EGTA-lacking medium

(data not shown). Since state 3 and uncoupled respiration

exhibited similar IC50, the lower sensitivity to CS II when

mitochondria oxidized succinate suggested a second site

of inhibition in the respiratory chain, although the phos-

phorylating system (Pi and ATP/ADP carriers, and ATP

synthase) might also be affected. The sensitivity of the

liver, kidney and hepatoma mitochondrial functions

towards CS II was essentially identical, whereas mito-

chondria from heart showed a significantly greater resis-

tance (Table 1).

3.2. Mitochondrial sites for CS inhibition

Seeking specific sites of action of CS II, the rates of

respiration and ATP hydrolysis, and the Hþ gradient of

coupled SMPs were examined. In SMP, the respiratory

chain and the ATP synthase do not require a substrate

(oxidizable substrate, ADP, or Pi) transport reaction and

both enzyme systems are directly accessible for interaction

with CS II. However, CS II, up to a concentration of 10 nmol

(mg protein)�1, did not affect the rate of respiration with

Fig. 2. Effect of casiopeinas II and III on state 3 respiration and membrane potential. (A) Rat liver mitochondria (1 mg protein mL�1) were incubated at 308
in 2 mL of KMEPi buffer with 10 mM 2-OG for the indicated times. Then, 0.6 mM ADP was added to initiate state 3 respiration. Casiopeinas II (8.9 nmol

(mg protein)�1; 8.9 mM) (triangles) or III (73 nmol (mg protein)�1; 73 mM) (full circles) were added at the beginning of the incubation period; mitochondria

incubated in the absence of CS II (open circles) were used as control. A few grains of dithionite were added where indicated to obtain the chemical zero of

oxygen concentration. The data shown represent the mean � standard error of the mean (SEM) of three to four different mitochondrial preparations. The

vertical scale (165 ng atoms oxygen) applies to the total incubation medium of 2 mL. (B) Rat liver mitochondria (0.5 mg protein mL�1; Mit) were incubated

at 308 in 2 mL of KMEPi buffer with 10 mM succinate and 5 mM safranin O. The fluorescence signal of safranin was measured as described under Section 2.

Casiopeinas II (triangles) or III (circles) were added as indicated. The time elapsed from the addition of the drug to the initiation of the collapse of the

membrane potential was plotted against the casiopeina concentration. CCCP, 4.7 mM. Mean � SEM; N ¼ 4.
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either succinate or NADH as oxidizable substrate, or the

rate of ATP hydrolysis (data not shown). These data

indicated that CS II inhibited respiration and membrane

potential at sites different from the respiratory chain and

the ATP synthase. A negligible effect of CS II on the b–c1

cytochrome complex activity concurred with the last inter-

pretation. Assay of the cytochrome c oxidase activity was

not feasible since a high nonenzymatic reaction between

ascorbate and CS II evolved.

Because 2-OG oxidation was more sensitive to CS than

succinate oxidation, and CS did not affect the respiratory

chain, it was thought that a primary target could be the

Fig. 3. Sensitivity of coupled respiration, uncoupled respiration and membrane potential towards casiopeina II. Rat liver (*, ~) or hepatoma AS-30D

(*, D) mitochondria were incubated as described in the legend to Fig. 2 with the indicated concentrations of casiopeina II and either with 10 mM

2-oxoglutarate (circles) or 10 mM succinate (þ1 mM rotenone) (triangles). After 4 min, 0.6 mM ADP or 0.4 mM CCCP was added to start state 3 (A) or

uncoupled (C) respiration, respectively. The rates of state 3 and uncoupled respiration in liver mitochondria, in the absence of drugs, were 75 � 15 (3) ng

atoms oxygen min�1 (mg protein)�1 and 60 � 13 (3) ng atoms oxygen min�1 (mg protein)�1 for 2-OG, and 245 � 59 ng atoms oxygen min�1 (mg protein)�1

and 313 � 3 (3) ng atoms oxygen min�1 (mg protein)�1 for succinate, respectively. In hepatoma mitochondria the rates of state 3 and uncoupled respiration

were 113 � 2 (3) ng atoms oxygen min�1 (mg protein)�1 and 83 � 15 (3) ng atoms oxygen min�1 (mg protein)�1 for 2-OG, and 165 (2) and 106 � 2 (3) ng

atoms oxygen min�1 (mg protein)�1 for succinate, respectively. The ADP/O ratio values for 2-OG and succinate were 2:7 � 0:2 (3) and 1:7 � 0:2 (3) in liver

mitochondria, and 2:3 � 0:2 (3) and 1.4 (2) in hepatoma mitochondria, respectively. The rates of state 4 respiration were 15 � 3 (3) ng atoms oxygen min�1

(mg protein)�1 and 23 � 6 (3) ng atoms oxygen min�1 (mg protein)�1 in liver mitochondria, and 14 � 2 (3) and 64 (3) ng atoms oxygen min�1

(mg protein)�1 in hepatoma mitochondria with 2-OG and succinate, respectively. For determination of Dc (B, D), mitochondria (1.5–2 mg protein) were

incubated in 0.5 mL of KMEPi buffer with 0.8 mM 3H-TPPþ. ADP (2 mM) was added after 4 min; 1 min later mitochondria were centrifuged to estimate the

electric gradient across the inner mitochondrial membrane as described before [39,44], using the Nernst equation and correcting for unspecific external and

internal binding. Data shown are the mean � SD of four different preparations.

Table 1

Half-maximal concentrations of casiopeinas (nmol (mg protein)�1) for inhibition of mitochondrial functions

Liver AS-30D Kidney Heart

Respiration Dc Respiration Dc Dc Respiration Dc

Casiopeina II

Substrate St 3 unc St 3 St 3 unc St 3 St 3 St 3 unc St 3

2-OG 4.7 � 0.7 (3) 4.4 � 0.5 (4) 5.5 � 0.9 (4) 4.6 � 0.7 (3) 3.6 � 0.3 (3) 5.2 � 0.1 (3) 6.3 (2) 12 � 2 (3) 10.5 � 1.8 (3) 9.6 � 2.3 (3)

Succinate 21 � 0.7 (3) 16 � 3 (3) 6.4 � 0.2 (4) 18 (2) 27.5 (2) 7.4 � 0.6 (3)

Casiopeina III

Succinate 239 � 12 (3) 330 � 15 (3)

2-OG 77 � 4 (3) 90 � 12 (3)

The values shown represent the mean � standard deviation with the number of different preparations assayed between parentheses. Abbreviations: St 3, state 3

(þADP) conditions; unc, uncoupled respiration. Half-maximal concentrations were estimated by assuming full CS II inhibition of state 3 and uncoupled respiration.

For c, the minimal value obtained, of approximately �60 mV, was assumed to be the basal (zero) level.
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Fig. 4. Inhibition of 2-OGDH and SDH by CS II. (A) Rat liver mitochondria were incubated as described in Section 2 for the determination of the 2-OGDH

(circles) and SDH (triangles) activities in the presence of the indicated concentrations of CS II. After 4 min, the reaction was started by addition of either CoA

or succinate. The SDH rate in the absence of drug was 100 nmol DCPIP reduced min�1 mg�1 (2). (B) CS II, 25 nmol (mg protein)�1; DTT, 1 mM; Cu(NO3)2,

75 mM. Adding CuCl2, instead of Cu(NO3)2, yielded essentially the same result; 7.5 mM Cu did not inhibit. Data with 2-OG are the mean � SD of three to six

independent experiments.

Fig. 5. Ion dependence of the CS II-induced swelling. Rat liver mitochondria (1 mg protein) were added to 2 mL of KME (or SHE buffer where indicated)

with 10 mM 2-OG (A) or 10 mM succinate and 1 mM rotenone (A, C), and 25 nmol CS II (mg protein)�1. Where indicated, the reaction medium also

contained ATP. Valinomycin was 5 nmol. The change in light scattering at 540 nm was recorded after the addition of mitochondria. (B) Mitochondria (1 mg

protein) were incubated in 2 mL of 20 mM Mops, 1 mM EGTA, 10 mM succinate þ 1 mM rotenone, pH 7.2 with 120 mM of each of the indicated cations

(chloride salts) and 25 nmol CS II (mg protein)�1. The incubation medium in the absence of added salts contained approximately 10 mM Kþ. (D)

Mitochondria (1 mg protein) were incubated in 2 mL of either KMEPi or SHEPi media with 10 mM succinate þ 1 mM rotenone and, where indicated,

25 nmol CS II (mg protein)�1. ADP was 300 nmol.
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2-OGDH. The 2-OGDH activity in liver mitochondria was

completely inhibited by CS II with an IC50 of 10 nmol

(mg protein)�1 (Fig. 4A). Preincubation of Triton-permea-

bilized mitochondria with CS II did not significantly

increase the inhibition of 2-OGDH, unless the reaction

was not started by addition of CoA. This indicated that CS

II directly reacted with the CoA thiol group. Protection of

the 2-OGDH activity from CS II inhibition by the thiol-

reducing agent DTT, and the inhibition by cupric cations

(Fig. 4B), supported the notion of a direct reaction of CS II

with free thiol groups. SDH, an enzyme with essential thiol

groups [45], was also inhibited by CS II, although at much

higher concentrations (IC50 of 200 nmol (mg protein)�1).

3.3. Ion-dependent swelling

Uptake of oxidizable substrate, measured by following

the rate and extent of swelling of mitochondrial suspen-

sions, incubated with 0.1 M ammonium salts of either 2-

OG or succinate [46], was not affected by CS II, in the

presence or in the absence of added Pi (data not shown).

This observation indicated that the drug did not act on the

substrate carriers. However, mitochondria incubated in an

isotonic (KME) medium with 10 mM substrate developed

swelling after addition of CS II, being faster and more

extensive with succinate than with 2-OG (Fig. 5A).

Further analysis revealed that CS II prompted mitochon-

drial swelling in Kþ-containing (Fig. 5B) but not in

sucrose-containing media (Fig. 5C). The selectivity of this

CS II-induced ion permeability was Rbþ > Kþ > Naþ >
Liþ (Fig. 5B). Concentrations of CS II lower than 10 nmol

(mg protein)�1 also induced swelling, but at slower rates,

after longer incubation times and of a shorter extent (not

shown). The extent of CS II-induced swelling was similar

to that induced by the Kþ ionophore valinomycin (Fig. 5C);

the uncoupler CCCP was unable to induce significant

swelling (not shown). ATP in the absence (Fig. 5C) or

in the presence of 1 mM MgCl2 (not shown) strongly

blocked Kþ-dependent CS II-induced mitochondrial swel-

ling; cyclosporin A (2 nmol (mg protein)�1), an inhibitor

of the mitochondrial permeability transition pore, slightly

prevented the swelling induced by CS II (not shown).

3.4. Cytochrome c release

The time-courses of Kþ-dependent swelling (Fig. 5C)

and uncoupling of basal respiration (Fig. 5D), both

induced by CS II, correlated well, suggesting a mechan-

istic relationship in which a massive Kþ entry collapsed

membrane potential and, hence, stimulated respiratory

activity. It was noted that after the initial burst of stimu-

lated respiration induced by CS II, a secondary phase of

Fig. 6. Release of mitochondrial cytochrome c induced by CS II. Mitochondria were incubated in KME (B) or SHE (C) buffer with 25 nmol CS II (mg

protein)�1 for 4 min as described in Section 2. The absorbance difference spectra shown in B and C were corrected for the spectrum resulting from

supernatants of mitochondria incubated in the absence of CS II and also for the spectrum of CS II in solution. The spectrum of 136 pmol horse heart

cytochrome c is shown in A. Where indicated in D, SHE buffer replaced KME buffer.
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respiratory inhibition followed, when KME buffer was

used. In turn, this latter phase correlated in a time- and CS

II concentration-dependent fashion with the net release of

cytochrome c (Fig. 6). In sucrose medium, there was also

found a strong correlation between the negligible swelling

(Fig. 5C) and the null release of cytochrome c (Fig. 6)

prompted by CS II. The stable stimulatory effect of CS II

on respiration in SHE medium, as compared to the tran-

sient respiratory stimulation in KME medium (Fig. 5D),

suggested that Kþ was not a strict requirement for the

uncoupling effect of CS II.

3.5. CS II effect on cellular respiration and

ATP content

The rate of oligomycin-sensitive respiration in intact

cells, as a measurement of in situ oxidative phosphoryla-

tion, was inhibited by CS II in a time- and concentration-

dependent manner (Fig. 7A). After 4 min of preincubation,

an IC50 of 2:5 � 0:06 nmol (mg protein)�1 (N ¼ 3) was

estimated for tumor cells, which was significantly lower

than that obtained for isolated mitochondria (see Table 1).

Despite full respiratory blockade induced by CS II after

4 min, the intracellular ATP level remained constant for at

least 10 min; only after 20 min, incubation with 3 or

6 nmol CS II (mg protein)�1 promoted diminution of

cellular ATP. Similarly, oligomycin diminished respiration

after 2–3 min, whereas the ATP levels started to decrease

after 5 min (not shown).

4. Discussion

The data of the present work show that CS may directly

interact with mitochondria, isolated or within intact cells,

inducing a variety of effects on different sites, which brings

about inhibition of oxidative phosphorylation and, even-

tually, cellular ATP depletion. The most pronounced CS II

effect, at concentrations below 10 nmol (mg protein)�1,

was the strong inhibition of 2-OGDH through a reaction

with the CoA thiol group. As the pyruvate dehydrogenase

complex also requires free CoA, it is conceivable that

inhibition of pyruvate oxidation-dependent reactions by

CS II would also be achieved. Indeed, state 3 respiration

supported by pyruvate (þmalate) showed a sensitivity

towards CS II (ic50 ¼ 3:7 � 1:5 nmol (mg protein)�1;

N ¼ 3) similar to that supported by 2-OG (cf Table 1).

State 3 respiration with glutamate þ malate, a condition

which only indirectly depends on CoA availability, was

inhibited by CS II (ic50 ¼ 8:2 � 2:3 nmol (mg protein)�1;

N ¼ 3) at concentrations higher than those used with 2-

OG, but lower than with succinate. Moreover, CS II very

likely interacted with other thiol-containing compounds

such as glutathione, but because these other reactions were

not directly involved in oxidative phosphorylation, they

were not examined.

At concentrations higher than 10 nmol (mg protein)�1,

the CS II effects were, initially, very probably related to the

opening of the ATP-sensitive Kþ-channel (recently

reviewed by Szewczyk and Wojtczak [47]), which in turn

brought about an extensive mitochondrial swelling. A mas-

sive Kþ uptake through this channel may induce uncoupling

and, hence, collapse of membrane potential, stimulation of

basal respiration, and inhibition of oxidative phosphoryla-

tion. Shortly after these initial effects, another CS II effect

emerged, that of respiratory inhibition by promoting the

release of cytochrome c. Interestingly, the Kþ-channel

openers, including cuprous ions, induce a similar pattern

of events in mitochondria [48–51]; apoptosis of tumor cells

induced by cisplatin [14] may also be mediated by release of

cytochrome c [52,53]. In addition, the pronounced dimin-

ishing effect of CS II on membrane potential with no

proportional effect on state 3 respiration, in mitochondria

that oxidized succinate, cannot be ascribed to simple uncou-

pling. This anomalous response to CS II might result from a

combination of respiratory inhibition with some uncoupling

effect, resulting in collapse of the membrane potential with

no significant variation in respiration.

Gordon and Gattone [8] described that a single intraper-

itoneal (i.p.) injection of 5.5 mg (18.3 mmol) cisplatin kg�1

Fig. 7. Inhibition of oxidative phosphorylation in tumor cells by CS II. AS-30D hepatoma cells were preincubated for the indicated times with none (&),

1.5 nmol CS II (mg protein)�1 (D), 3 nmol CS II (mg protein)�1 (*), or 6 nmol CS II (mg protein)�1 (5) as described in Section 2. Then, aliquots were

withdrawn for determination of the rate of 2.5 mM oligomycin-sensitive cellular respiration and the ATP content.
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body weight to rats inhibited both state 4 and state 3

respiration and promoted swelling in kidney mitochondria

isolated 3 days later, although it was still ineffective on liver

mitochondria. Kharbangar et al. [16] reported diminution in

the total content of mitochondrial protein 24 hr after a single

i.p. injection of 8 mg cisplatin kg�1 body weight to mice in

kidney and lymphoma, but not in liver, indicating a tissue-

specific effect. The lower sensitivity of liver mitochondria

towards cisplatin [8,16] might be related to a limitation in its

transport, which is not expected to occur with the more

hydrophobic CS molecules. Thus, CS II and III induced a

similar degree of inhibition on state 3 respiration of both

kidney and liver mitochondria (cf Table 1).

Mouse liver mitochondria incubated with 50–100 mM

cisplatin (25–50 nmol (mg protein)�1) for 45 min exhib-

ited swelling, outer membrane disruption, and diminished

respiratory complexes I and II activities [54]. These cis-

platin concentrations were comparable to those used in the

present work with casiopeinas, although the incubation

time was shorter for the copper-based drugs.

Incubation of renal tubular cells with cisplatin (25–

100 nmol/106cells) for 20 min or longer resulted in a

significant decrease in viability, cell ATP, and mitochon-

drial functions [16]. With whole proximal tubules, higher

concentrations of cisplatin and longer incubation times

were required to attain 50% inhibition of O2 uptake (1 mM

for 40 min, and 0.1 mM for 4 hr) [13]. By comparison, the

mechanical performance and rate of respiration of isolated

perfused rat heart were inhibited by CS II concentrations

higher than 10 mM, with full blockade of both function

achieved with 40 mM after 5 min incubation.1 CS II also

showed a potent effect on tumor cells: 50% inhibition of

respiration with 2.5 nmol (mg protein)�1 after only 4 min

incubation and 50% decline in ATP levels with 6 nmol (mg

protein)�1 after 15 min incubation (cf Fig. 7). The half-

maximal concentrations of CS II to inhibit cell growth after

24 hr incubation in several tumor lines were around 1 mM

or 1 nmol/106 cells [28]. Data on growth inhibition of

normal proliferating cells by casiopeinas remains to be

established.

Severe nephrotoxicity in mice appears by the third day

after receiving a single i.p. dose of 10 mg cisplatin kg�1

[55]. Nephrotoxicity is also caused by multiple low

(5 mg kg�1) doses [55], a condition which resembles that

of cancer patients receiving low cisplatin doses (2 mg kg�1)

for extended periods of time [6]. Furthermore, cisplatin at

high (>10 mg kg�1) or low (2 mg kg�1) i.p. doses in mice

or rats, respectively, causes death after 1 or 2 days in mice

[55], or after 2 or 3 weeks in rats [56], whereas the i.p. and

i.v. lethal doses 50 of CS II are 8.9 (22.7 mmol) and

16 mg kg�1, respectively, after 24 hr incubation in mice.2

According to the data of the present work, exposure

of liver, kidney and ascites AS-30D mitochondria to

CS II (1–10 nmol (mg protein)�1) should induce similar

inhibitory effects on respiration and membrane potential,

and hence on ATP synthesis. This may imply a limited

therapeutic use of CS II as an antineoplastic drug, although

an encouraging lower toxic effect of CS II on heart mito-

chondria was observed. Moreover, it should be emphasized

that the sensitivity of tumor cells [28] and tumor-bearing

animals2 towards Casiopeinas1 may differ from that

attained in isolated mitochondria.

The greater resistance of heart mitochondria towards CS

II may be related to the larger content of respiratory

enzymes and transporters involved in respiration and oxi-

dative phosphorylation. Indeed, heart mitochondria exhibit

higher respiratory and phosphorylating rates than liver,

kidney and AS-30D mitochondria. Alternatively, heart

mitochondria may have a higher content of thiol-contain-

ing compounds, mainly glutathione.

Current antineoplastic drugs, commonly aimed at

nuclear DNA, have achieved only limited success largely

due to their lack of specificity for tumor cells, since they

also affect normal cells. Many of these drugs damage DNA,

triggering the cell death pathways of necrosis and apopto-

sis. However, tumor cells may develop resistance mechan-

isms or they may be injured but still be able to recover.

Therefore, it is relevant to develop alternative strategies

aimed at novel cellular targets that are sufficiently different

between normal and tumor cells to enhance the probability

of selective tumor cell killing. Lipophilic cation drugs are

concentrated by cells into mitochondria because of the large

negative-inside electric membrane potential [57–59]. The

higher plasma and mitochondrial membrane potentials of

tumor cells [60–62] may enhance the selective targeting of

this type of drugs into tumor cells and mitochondria. AS-

30D hepatoma mitochondria also exhibited higher Dc
values than did mitochondria from liver, the organ from

which tumor mitochondria were derived. Indeed, AS-30D

and HeLa cells in culture died within 48 hr on exposure to

CS II.3 It is not known whether these tumor cells died

because mitochondrial function was specifically impaired

by CS II, but at least it certainly was one of the targets since

oligomycin-sensitive respiration was inhibited.

One problem that arises from the present findings is that

CS were not specific for tumor mitochondria, but it also

affected normal mitochondria. Cisplatin also presents a

similar problem: its use in patients has shown high anti-

neoplastic potency in testicular, ovarian, and head and neck

carcinomas, which is unfortunately accompanied by severe

side effects on renal function. Hence, it is conceivable to

predict that, despite the exhibited high antineoplastic

activity [28,29,31], significant side effects on susceptible

tissues and organs at the mitochondrial level will develop

by CS administration to animal models carrying carcino-

mas. Intraperitoneal or intravenous administration of CS to

1 Carvajal K, unpublished data.
2 Gracia-Mora I, Ruiz-Ramı́rez L, unpublished data. 3 Rodrı́guez-Enrı́quez S, Moreno-Sánchez R, unpublished data.
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rats results in drug accumulation into several organs, but

mainly in liver, kidney and heart; electron microscopy of

these organs has shown profound morphological alterations

in mitochondria.2 However, the better understanding of the

biochemical basis of the CS toxic effects, as initially

described in the present work, may allow to design improved

drugs with diminished undesirable secondary effects.
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[36] López-Gómez F, Torres-Márquez ME, Moreno-Sánchez R. Control of

oxidative phosphorylation in AS-30D hepatoma mitochondria. Int J

Biochem 1993;25:373–7.

[37] Thayer WS, Rubin E. Effects of chronic ethanol intoxication on

oxidative phosphorylation in rat liver submitochondrial particles. J

Biol Chem 1979;254:7717–23.

[38] Weickowski MR, Wojtczak L. Fatty acid-induced uncoupling of

oxidative phosphorylation is partly due to opening of the mitochon-

drial permeability transition pore. FEBS Lett 1998;423:339–42.

[39] Moreno-Sánchez R, Bravo C, Vásquez C, Ayala G, Silveira LH,

Martı́nez-Lavı́n M. Inhibition and uncoupling of oxidative phosphor-

ylation by nonsteroidal antiinflammatory drugs. Biochem Pharmacol

1999;57:743–52.

[40] Pacheco-Moisés F, Garcı́a JJ, Rodrı́guez-Zavala JS, Moreno-Sánchez

R. Sulfite and membrane energization induce two different active state

of the Paracoccus denitrificans F0F1-ATPase. Eur J Biochem 2000;

267:993–1000.

[41] Rodrı́guez-Zavala JS, Pardo JP, Moreno-Sánchez R. Modulation of 2-

oxoglutarate dehydrogenase complex by inorganic phosphate, Mg2þ,

and other effectors. Arch Biochem Biophys 2000;379:78–84.

[42] Stoner CD. Determination of the P/2e� stoichiometries at the indivi-

dual coupling sites in mitochondrial oxidative phosphorylation. J Biol

Chem 1987;262:10445–53.

[43] Inomoto T, Tanaka A, Moris MB, Sato B, Yanabu N, Tokuka A, Kitai

T, Ozawa K, Yamaoka Y. Changes in the distribution of the control of

the mitochondrial oxidative phosphorylation in regenerating rabbit

liver. Biochim Biophys Acta 1994;1188:311–7.

[44] Moreno-Sánchez R, Rodrı́guez-Enrı́quez S, Cuéllar A, Corona N.

Modulation of 2-oxoglutarate dehydrogenase and oxidative phosphor-

ylation by Ca2þ in pancreas and adrenal cortex mitochondria. Arch

Biochem Biophys 1995;319:432–44.

[45] Singer TP, Kearney EB, Kenney WC. Succinate dehydrogenase. Adv

Enzymol 1973;37:189–271.

[46] Chappell JB, Haarhoff KN. The penetration of the mitochondrial

membrane by anions and cations. In: Slater EC, Kanuiga Z, Wojtczak

L, editors. Biochemistry of mitochondria. London: Academic Press;

1967. p. 75–91.

[47] Szewczyk A, Wojtczak L. Mitochondria as a pharmacological target.

Pharmacol Rev 2002;54:101–27.

[48] Wojtczak L, Nikitina ER, Czyz A, Skulskii IA. Cuprous ions activate

glibenclamide-sensitive potassium channel in liver mitochondria.

Biochem Biophys Res Commun 1996;223:468–73.

[49] Holmuhamedov EL, Jovanovic S, Dzeja PP, Jovanovic A, Terzic A.

Mitochondrial ATP-sensitive Kþ-channels modulate cardiac mito-

chondrial function. Am J Physiol 1998;275:H1567–76.

[50] Kowaltowski AJ, Seetharaman S, Paucek P, Garlid KD. Bioenergetic

consequences of opening the ATP-sensitive Kþ-channel of heart

mitochondria. Am J Physiol 2001;280:H649–57.

[51] Chaindussi E, Petrussa E, Macri F, Vianello A. Modulation of a

plantmitochondrial Kþ-channel and its involvement in cytochrome

c release. J Bioeng Biomembr 2002;34:177–84.

[52] Kharbanda S, Pandey P, Schofield L, Israels S, Roncinske R, Yoshida K,

Bharti A, Yuan ZM, Saxena S, Weichselbaum R, Nalin C, Kufe D. Role

of Bcl-XL as an inhibitor of cytosolic cytocrome c accumulation in DNA

damage-induced apoptosis. Proc Natl Acad Sci USA 1997;94:6939–42.

[53] Cai J, Yang J, Jones DP. Mitochondrial control of apoptosis: the role of

cytochrome c. Biochim Biophys Acta 1998;1366:139–49.

[54] Rosen M, Figlioimeni M, Simpkins H. The interaction of platinum

antitumour drugs with mouse liver mitochodria. Int J Exp Path

1992;73:61–74.

[55] Singh G. A possible cellular mechanism of cisplatin-induced nephro-

toxicity. Toxicology 1989;58:71–80.

[56] Choie DD, Longnecker DS, del Campo AA. Acute and chronic

cisplatin nephrotoxicity in rats. Lab Inv 1981;44:397–402.

[57] Summerhayes IC, Lampidis TJ, Bernal SD, Nadakavukaren JJ, Na-

dakavukaren KK, Shepherd EL, Chen LB. Unusual retention of

rhodamine 123 by mitochondria in muscle and carcinoma cells. Proc

Natl Acad Sci USA 1982;79:5292–6.

[58] Nadakavukaren KK, Nadakavukaren JJ, Chen LB. Increased rhoda-

mine 123 uptake by carcinoma cells. Cancer Res 1985;45:6093–9.

[59] Koya K, Li Y, Wang H, Ukai T, Tatsuta N, Kawakami M, Shishido T,

Chen LB. MKT-077, a novel rhodacyanine dye in clinical trials,

exhibits anticarcinoma activity in preclinical studies based on selec-

tive mitochondrial accumulation. Cancer Res 1996;56:538–43.

[60] Davis S, Weiss MJ, Wong JR, Lampidis TJ, Chen LB. Mitochondrial

and plasma membrane potentials cause unusual accumulation and

retention of rhodamine 123 by human breast adenocarcinoma-derived

MCF-7 cells. J Biol Chem 1985;260:13844–50.

[61] Weiss MJ, Wong JR, Ha CS, Bleday R, Salem RR, Steele GD, Chen

LB. Dequalinium, a topical antimicrobial agent, displays anticarci-

noma activity based on selective mitochondrial accumulation. Proc

Natl Acad Sci USA 1987;84:5444–8.

[62] Modica-Napolitano J, Aprille JR. Basis for the selective cytotoxicity

of rhodamine 123. Cancer Res 1987;47:4361–5.

A. Marı́n-Hernández et al. / Biochemical Pharmacology 65 (2003) 1979–1989 1989


	Toxic effects of copper-based antineoplastic drugs (Casiopeinas) on mitochondrial functions
	Introduction
	Material and methods
	Chemicals
	Mitochondrial and cellular preparations
	Mitochondrial functions
	Enzyme activities
	Cytochrome c release

	Results
	Respiration and membrane potential
	Mitochondrial sites for CS inhibition
	Ion-dependent swelling
	Cytochrome c release
	CS II effect on cellular respiration and ATP content

	Discussion
	Acknowledgements
	References


