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ABSTRACT

We investigated mechanisms of mitochondria! phototoxicity caused by
the cationic cyanine dye Ar,Ar'-bis(2-ethyl-l,3-dioxylene)kryptocyanine

(EDKC), examining the role of the mitochondria! membrane potential on
the dye uptake by carcinoma cells in vitro, and both the dark and
photosensitizing effects of the dye on the function of isolated mouse liver
mitochondria. When human bladder carcinoma cells (EJ) were pretreated
with 2,4-dinitrophenol or nigericin, cellular uptake of EDKC decreased
or increased, respectively, consistent with dye uptake that is dependent
on membrane potentials. In isolated liver mitochondria, during NADH
linked substrate oxidation (using glutamate plus malate or /3-hydroxy-
butyrate as substrates), low concentrations of the dye (0.25-0.5 MM)
sensitized mitochondria to illumination with long wavelength light and
inhibited both basal and ADP-stimulated respiration. Similar effects
were observed during succinate oxidation, but only at higher concentra
tions of EDKC (>5 MM) and at 10-fold greater light doses. NADH
coenzyme Q reducÃase(Complex I) activity was inhibited by dye with or
without light to an extent comparable to the inhibition of glutamate plus
malate oxidation. Activity of cytochrome c oxidase, the terminal enzyme
in the electron transport chain, was photosensitized with high dye doses
(>5 MM)and light, but the extent of inhibition was much less than the
inhibition of respiration with succinate as substrate. ATP synthetase
(F0F, ATPase) activity was minimally affected by 4.0 MMEDKC with or
without 24 ,1/rnr light. We conclude that at low concentrations of dye,
respiratory Complex I is a primary target for EDKC dark and light-
induced toxicities. If Complex I is bypassed by using succinate as a
respiratory substrate, the mitochondria can tolerate much higher dye
concentrations and light doses.

INTRODUCTION

Cationic, lipophilic molecules with delocalized charges (i.e.,
dyes) can enter cells in response to transmembrane potentials,
which concentrate the dyes across the plasma and mitochon-
drial membranes into the mitochondria (1-6). Certain cationic
compounds are preferentially taken up into and retained by
carcinoma cell mitochondria and can be preferentially toxic to
carcinoma cells (1-5). The use of cationic dyes which are
photosensitizers together with photoirradiation permits highly
specific killing of carcinoma cells (4, 5).

We have previously examined the feasibility of using various
cationic photosensitizers and found the cyanine dye EDKC4 to

be a very selective photosensitizer for carcinoma cells in vitro
and in vivo (4, 5). The interactions of some cationic compounds
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with mitochondria in the absence of light have been examined
(6-11), but there have been no previous studies of the photo
sensitizing reactions of cationic dyes. The present work analyzes
some of the biochemical mechanisms of mitochondria! photo
toxicity by EDKC. The role of mitochondrial membrane poten
tial on the dye uptake by cells was investigated. Both EDKC
alone and dye together with photoirradiation were examined
for effects on respiration and on the activities of enzymes
involved in electron transport and ATP synthesis.

MATERIALS AND METHODS

Dye Synthesis. The symmetrical carbocyanine EDKC was prepared
by the methods of Hammer (12) and Oseroff et ai. (4).

Chemicals. DNP, nigericin, ADP, succinate, glutamate, malate, coen
zyme Qo, antimycin, oligomycin, and potassium cyanide were obtained
from Sigma Chemical Company, St. Louis, MO.

Whole Cell Uptake of EDKC. Human bladder carcinoma cells
(MGH-U1, EJ), a gift from C. W. Lin (Massachusetts General Hospi
tal, Boston, MA), were grown in monolayer cultures in McCoy's media

(GIBCO) with 5% fetal calf serum. Subconfluent cultures were incu
bated with EDKC for 30 min at 37"C with or without prior and

concurrent exposure to nigericin (10 MM)or DNP (40 MM)as required
by the experiment. After dye exposure, cells were trypsinized, washed
twice with phosphate buffered saline, and counted. For dye extraction,
the final pellet was suspended in 1 ml butano! and incubated at 37Â°C

for 30 min and centrifuged, as previously described (4, 5). Absorbance
of the supernatant ai 71- nm was determined with a Beckman UV
5720 spectrophotometer, and dye concentration was calculated using
an extinction coefficient of 2.1 x 10* M~' cm"1 (4).

Preparation of Homogenates and Isolation of Liver Mitochondria.
Livers from BALB/c mice (Charles River Breeding Laboratories, Inc.)
were removed and placed in ice-cold 0.25 M sucrose, 1 mM EDTA, and
1 mM Tris-HCl, pH 7.4. After mincing and suspending in an amount
of fresh sucrose-EDTA-Tris equal to 5 ml/g original wet weight, the
tissue was homogenized using five to seven up/down strokes of a motor-
driven tight fitting Teflon pestle. For the isolation of mitochondria,
homogenates were first centrifuged 10 min at 600 x g-,the supernatant

was then centrifuged at 8000 x g for 10 min. The 8000 x g pellet was
washed twice in sucrose-EDTA-Tris, and once in sucrose-Tris. The
final pellet was suspended in sucrose-Tris to attain required protein
concentrations. Protein was estimated by the Lowry method using
bovine serum albumin as standard (13).

Polarographic Measurement of Mitochondrial Respiration. Oxygen
utilization was estimated using a Clark <>..electrode in a 1-nil water-
jacketed chamber, maintained at 30Â°C.Liver mitochondria (0.4-0.6

mg protein) were added to respiratory medium consisting of 225 mM
sucrose, 10 mM KC1, 1 mM EDTA, 10 mM K2HPO4, 5 mM MgCl2, and
10 mM Tris-HCl, all at pH 7.4, to a final volume of 1 ml. A substrate
(10 mM succinate o: 5 mM glutamate plus 5 mM L-malate) was added
next, and the respiratory rate was recorded as basal respiration. An
addition of 100-150 nmol ADP was then made. The rapid rate of
oxygen utilization that ensued was recorded as the ADP-stimulated
(state 3) respiration rate (substrate plus ADP). Once state 4 was
attained, a final addition of 40 MMDNP was used to elicit the uncoupled
respiratory rate. In order to study the dark toxicity of the dye, EDKC

6580

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6580/2958638/cr04724p16580.pdf by guest on 19 M

ay 2023



MECHANISMS OF CYANINE DYE PHOTOTOXICITY

was added to the mitochondria! samples after substrate, but before
ADP. To study light-mediated toxicity, mitochondria in respiratory
medium were irradiated on ice in the presence of dye and substrate. A
control sample was similarly irradiated without the dye.

NADH CoQ Redactase Activity. Freshly prepared mitochondria were
assayed for NADH-CoQ reducÃaseactivity at 25Â°Cusing the method

of Di Virgilio and Azzone (14) with some modifications (15). The
reaction medium consisted of 220 HIMsucrose, 20 IHMTris, l IHM
K2HPO4, l IHM MV and included antimycin-a and oligomycin at
concentrations of 100 and 500 ng/mg mitochondria! protein, respec
tively. Five mM each of glutamate plus malate were used as substrates
and were added to the reaction medium immediately before adding
mitochondria. Mitochondria were then added (0.4-0.5 mg/ml, final
concentration), and the reaction was initiated with addition of Qo to a
final concentration of 20 UM.The total reaction volume was 3 ml. The
reduction of Qo was determined by dual wavelength spectrophotometry
(Perkin Elmer 356 dual wavelength spectrophotometer) at wavelength
pairs 265 and 285 inn, with a thermostatically controlled sample
chamber mixed continually with a magnetic stirrer. For Qo at 265 nm,
the molar extinction coefficient of 12,500 liters/mol was used ( 14). The
rotenone-sensitive fraction of enzyme activity was quantitated by adding
20 MM rotenone to the reaction medium after an initial rate was
established. Only rotenone-sensitive activity is reported. In order to
determine the dark toxicity of the dye, mitochondria were incubated in
1 ml of reaction medium with glutamate and malate in the presence of
the dye for 1 min at 25'C. The volume was then brought up to 3 ml

with reaction medium, Qo was added, and the enzyme activity recorded.
Irradiation of the mitochondria was performed on ice after 1-min
incubation of mitochondria in 1 ml of reaction medium and substrate
in the presence of the dye. A control sample was also irradiated under
similar conditions without the dye.

Cytochrome c Oxidase Activity. The oxidation of cytochrome c was
measured spectrophotometrically at 550 nm in a 2.5 ml final volume
which contained 12 mM K2HPO4-KH2PO4, pH 7.0 and 1.75 mg reduced
cytochrome c, all at 37*C (16). The reaction was started by the addition

of mitochondria! protein and was followed continuously for 1-4 min.
The linear initial rate of change in absorbance was used to calculate
enzyme activity using a millimolar extinction coefficient of 18.5 (16).
To study the dark or light toxicity of the dye, mitochondria (0.15 mg
protein) were incubated first at 37*C for 1 min in the dark with the dye

in a polarographic medium in the presence of sodium succinate (10
mM). At the end of the dark preincubation, the samples were placed on
ice and either kept in the dark or radiated and then sampled for
determination of cytochrome c oxidase activity at different times after
wards. Control mitochondria were similarly preincubated at 37Â°Cwith

out dye and then placed on ice and kept in the dark or radiated for
different periods of time up to 20 min.

Forward and Reverse Reactions of F0Fi ATPase. The forward reaction
(ATP synthesis) was inferred from oligomycin-sensitive PI disappear
ance in the presence of ADP. ADP and I', were 1 mM, and the incubation
was at 30'C in respiratory medium with succinate as a substrate. The

reverse reaction (uncoupler-stimulated ATP hydrolysis) was measured
with 1 mM ATP and 1 mM MgCI2 in buffered 0.25 M sucrose. DNP
(40 Â»AI) was added to promote ATP entry and to dissociate the electron
transport reactions from phosphorylation (17). For both the forward
and reverse reaction, PÂ¡was determined colorimetrically (18) in per
chloric acid extracts of the incubations. Mitochondria were incubated
with dye for 2 min at room temperature, radiated, and assayed for ATP
synthesis or hydrolysis. Only oligomycin-sensitive activity is reported.

Light Source. Photolysis of EDKC was carried out with a l kW
xenon arc lamp using a water filter, a hot mirror, and a Corion S40-
700 bandpass filter transmitting 680-720 nm radiation. The irradiance
was typically 40 mW/cm2 within this bandpass, as measured with an
International Light IL-1350 radiometer.

RESULTS

Cellular Uptake of EDKC. EDKC should accumulate in cells
and mitochondria in response to transmembrane potentials (1-
6), and experiments were performed to investigate whether dye

uptake into cells was affected by agents which alter the mito
chondria! membrane potential. Dye uptake was determined by
butanol extraction as previously described (4, 5). For exponen
tially growing human bladder carcinoma cells (EJ), EDKC
uptake increased linearly with cell number between 10" and IO7

cells; the dye uptake/cell was constant (data not shown). DNP,
an uncoupler of oxidative phosphorylation, was used to dissi
pate the H+ concentration gradient across the mitochondria!
membrane. Nigericin, an ionophore that eliminates the H+

concentration gradient and causes a compensatory increase in
the membrane potential, was used to hyperpolarize the mem
brane potential. Fig. 1 shows that incubation of EJ cells with
10 /iM nigericin for 0.5 h prior to and during dye exposure
resulted in a 2.3-fold increase in the amount of dye uptake at
the end of 2 h. A similar experiment with 40 //M DNP resulted
in one-half as much dye uptake as controls without DNP.

Phototoxic Effect of EDKC on Mitochondria! Respiration.
When glutamate plus malate was used as substrate for NADH-
linked respiration initiated at Complex I in the electron trans
port chain, EDKC caused a dose-dependent inhibition of both
basal and ADP-stimulated respiration in the absence of light
(Fig. 2). State 3 respiration was decreased by 70% by 2 ^M dye
(Fig. 2, right). A similar effect was observed when 0-hydroxy-
butyrate was used as an alternative substrate (data not shown).
Addition of 40 /Â¿MDNP during ADP-stimulated respiration in
the presence of dye resulted in almost complete restoration of
the respiratory rate (Fig. 2, right).

The photosensitizing effects of EDKC were examined using
dye doses (0.25 and 0.5 MM)which did not have significant
effects on respiration in the dark. As shown in Fig. 2, when
isolated mitochondria were photoirradiated on ice in respiratory
medium with glutamate plus malate as substrates, 2.4 J/cm2 of
680-720 nm light markedly inhibited respiration both with
substrate alone (45% of control with 0.5 MMEDKC), and with
ADP added (18% control). As opposed to the reversible inhi
bition observed in the dark, the subsequent addition of DNP
during ADP-stimulated respiration did not reverse the effect of
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Fig. 1. Effect of membrane potentials on in vitro uptake of EDKC. Subcon-
fluent cultures of EJ bladder carcinoma cells were incubated with 10~*M EDKC

(â€¢),or dye together with DNP (A) or nigericin (O) for different periods of time.
Dye uptake was determined as described in "Materials and Methods." Points,

means Â±SEM (ears) of three separate experiments.
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Fig. 2. Effect of EDKC with or without
light on mitochondria! respiration with glu
tamate plus malate as substrate. The order
of additions is given under "Materials and
Methods." Respiratory rates with substrate

alone (left) or with substrate plus ADP
(right) were measured as a function of EDKC
in the dark (â€¢)or after photoirradiation (2.4
J/cm2) (O). Addition of 40 JIMDNP during

state three respiration in the presence of dye
resulted in almost complete restoration of
the respiratory rate (Â®).Data are plotted as
a percentage of control. Control rates were
22.7 Â±4.1 and 80.0 Â±8.3 nmol '/z O2/min/
mg protein for basal and ADP-stitnulated
respiration, respectively. Light alone caused
no significant inhibition of respiration.
Points, means Â±SEM (bars) of three sepa
rate experiments.

EDKC (MM)

EDKC plus light. NADH-linked respiration in control mito

chondria was not significantly inhibited by irradiation without
dye under similar conditions (data not shown).

In contrast to the results with glutamate plus malate, when
succinate was used as substrate to enter the electron transport
chain at Complex II, no effect was observed on mitochondrial
respiration up to an EDKC dose of 5 ^M (Fig. 3). Dye concen
trations (10-30 mMI inhibited both basal and ADP-stimulated
respiration in a dose-dependent way. At these higher dye con

centrations the addition of DNP only partially reversed the
inhibitory effects of the dye on the respiratory rate (Fig. 3,
right).

EDKC phototoxicity to Complexes II-IV was measured at
dye concentrations of 2.5 and 5 i/\i which did not affect succi-
nate-mediated respiration. As opposed to the case of NADH-
linked respiration, a light dose of 2.4 J/cm2 had no effect on
the respiratory rate (data not shown). After 24 J/cm2 photoir
radiation, basal and ADP-stimulated respiration dropped to 66

and 31% of control, respectively (Fig. 3). Addition of DNP
during ADP-stimulated respiration did not increase the respi-

o
o

30

EDKC (HM)

Fig. 3. Effect of EDKC with or without light on respiratory rates with succinate
as substrate. Respiratory rates with substrate alone (left) or with substrate plus
ADP (right) were measured as a function of EDKC concentration in the dark (â€¢)
or after 24 J/cm2 light (O). Addition of 40 n\i DNP during state 3 respiration in

the presence of dye results in only partial restoration of the respiratory rate (8).
Data are plotted as a percentage of control. Control rates were 68.7 Â±4 and 178
â€¢14.0 nmol ' .â€¢Oi/min/mg protein for basal and ADP-stimulated respiration,

respectively. Light alone caused no significant inhibition of respiration. Points,
means Â±SEM (bars) of three separate experiments.

ratory rate when mitochondria had been irradiated in the pres
ence of the dye.

Sensitivity of Mitochondrial Enzymes to EDKC. The sensitiv
ity of mitochondria! respiration rates to EDKC-mediated pho
totoxicity was significantly greater for glutamate plus malate
oxidation involving respiratory Complexes I-IV as opposed to
succinate oxidation involving respiratory Complexes II-IV,
suggesting that Complex I is a primary target for the photo-
damage. This point was examined by directly measuring
changes in the enzyme activities of Complex I (NADH-CoQ
reductase), Complex IV (cytochrome c oxidase), and the F0Fi
ATPase in response to dye with or without light.

Dark- and light-dependent effects of EDKC on NADH-CoQ
reductase activity are shown in Fig. 4 where the reduction in
rotenone-sensitive enzyme activity in the dark and after 2.4 J/
cm2 photoirradiation is shown as a function of dye dose. There
is reasonable similarity between the dark toxicity of NADH-
CoQ reductase activity and the dark inhibition of ADP-stimu
lated respiration with glutamate plus malate as substrates (Fig.
IB). At 0.5 UM, EDKC inhibited both the enzyme activity and

â€¢no

EDKC (MM)
Fig. 4. Effect of EDKC with or without light on the activity of NADH CoQ

reductase. Dye (â€¢)and dye plus 2.4 J/cm2 light- (O) mediated inhibition of
rotenone-sensitive NADH-CoQ-reductase activity are shown. Data are the means
Â±SEM (bars) of four separate experiments. Light alone caused a 20-25%
inhibition of enzyme activity. Control enzyme activity was 40.2 Â±6.2 nmol/min/
mg protein.
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ADP-stimulated respiration by 5-10%. Two MMEDKC caused
about an 80% decrease in enzyme activity, which was again
comparable to the extent of inhibition of ADP-stimulated res
piration. When irradiated with 2.4 J/cm2 in the presence of 0.5
MMdye, about 80% of both the enzyme activity and the ADP-
stimulated respiration was inhibited. This dose of light alone
decreased NADH-CoQ reducÃaseactivity by 20-25%, although
it had no significant effect on the respiratory rate (data not
shown).

As demonstrated in Fig. 5, left, cytochrome c oxidase activity
was relatively insensitive to the effects of EDKC up to 5 MM
and was about 50% inhibited by 20 MMdye. The effect of dye
alone on the enzyme activity was considerably less than its dark
inhibition of succinate-linked respiration (Fig. 3, left). The
light-dependent inhibition of cytochrome c oxidase activity for
three dye concentrations is shown in Fig. 5, right. With 5 MM
EDKC, 50 J/cm2 light gave only about a 25% inhibition, while
10 MMand 50 J/cm2 was necessary for an 80% decrease in

activity. Light alone had no significant effect on the enzyme
activity.

F0F| ATPase activity also was relatively insensitive to EDKC
and to dye-induced phototoxicity. As shown in Table 1, 4 MM
EDKC with or without 24 J/cm2 irradiation resulted in only 15

and 25% inhibition of ATP hydrolysis and synthesis, respec
tively.

DISCUSSION

We have previously reported that EDKC preferentially ac
cumulates in carcinoma cells in vitro, and upon photoirradiation
induces selective killing of these cells (4, 5). EDKC has spectral
properties which are ideal for use as a photosensitizer, with a
large extinction coefficient of 2.1 x IO5 in a nonpolar environ

ment and an absorption maximum at 700 nm in saline and 714
nm in butanol, well within the waveband that allows deep
penetration of light into tissue (19, 20).

In the present study, we have shown that cellular uptake of
EDKC is influenced by agents which alter mitochondria! mem
brane potential. These results are in agreement with the work
of Davis i-i al. (3), who also used DNP and nigericin alone and

in combination with ouabain to explicitly demonstrate the effect
of mitochondria! membrane potential on the uptake of other
cationic dyes in intact cells. Our results also agree with studies
on the incorporation of the cationic dye rhodamine 123 into

too

isolated mitochondria (6, 21). Accumulation of EDKC by mi
tochondria makes the organelle and hence the cells susceptible
to the photosensitizing effects of the dye (4, 5).

To probe the sites of EDKC interactions and photodamage
in mitochondria we used substrates which entered the electron
transport chain at Complexes I and II. Complex I was found to
be the most sensitive site of EDKC interactions for dye both in
the absence of light and after irradiation. Our results without
light are comparable to those of Conover and Schneider (7)
who used an analogous kryptocyanine dye and also found that
NADH-linked respiration was inhibited at concentrations
which did not affect succinate-linked respiration. At concentra
tions below about 10 MM EDKC, the dark interaction with
Complex I appears to be reversible, since the addition of DNP
to depolarize the membrane returned NADH-linked respiration
rates almost to control values. This suggests that under these
conditions dye accumulation was primarily electrophoretic and
dependent on the mitochondria! membrane potential and that
the dye was released upon depolarization.

Complex I activity was strongly inhibited by EDKC plus
light. Treatment with 0.5 MMEDKC and 2.4 J/cm2 irradiation

caused about an 80% reduction in the respiration rate compared
to control and inactivated NADH-CoQ reducÃaseactivily by
aboul 60% over Ihe inhibition caused by either dye or light
alone. No resloration of the respiralory rale was observed after
addilion of DNP, implying eilher permanenl molecular allera-
tion of mitochondria! componenls, or possibly Ihe lighl binding
of a dye photoirradiation product lhal was noi readily released
by depolarizalion of Ihe membrane.

Al low dye concentrations, the apparent localization of pho
todamage to a single mitochondrial sile differs from lhal ob
served wilh hematoporphyrin derivative, which appears to pho
tosensitize multiple sites within the mitochondria (22-24).
However, hematoporphyrin derivative acts via Ihe formation of
singlet oxygen which has a diffusion distance up lo 0.5 MMin
aqueous solutions (25), while EDKC does noi produce singlel
oxygen during phololysis (26). Inslead, the phototoxicity for
EDKC is consistenl wilh a shorl-range pholosensilizing reac
tion by dye molecules which are already interacling wilh Ihe
NADH-dehydrogenase complex.

EDKC inhibits Complexes II-IV activity at concenlralions
10 limes higher than those which inaclivale Complex I. Al
Ihese higher dye doses (>5 MM),depolarizalion of Ihe milo-
chondrial membrane potential with DNP only partially reslores

Fig. 5. Effect of EDKC on cytochrome c
oxidase activity. Left, dye-dependent toxicity
without light (â€¢)or with 24 J/cm2 irradiation
(O); right, light dose dependence for 5-20 ,.M
dye. Control enzyme activity was 1300 Â±200
nmol/min/mg protein. Light alone had no sig
nificant effect on enzyme activity. Data are the
means Â±SEM (bars) of four separate experi
ments.
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EDKC (/<M)

6583

LIGHT

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6580/2958638/cr04724p16580.pdf by guest on 19 M

ay 2023



MECHANISMS OF CYANINE DYE PHOTOTOXICITY

Table 1 Effect ofEDKC and light on ATP synthesis and uncoupler-stimulated
ATP hydrolysis in intact rat liver mitochondria

Â»MuniPi/ 10 min/mg
mitochondria!proteinControl

2.5 (iM EDKC
2.5 MMEDKC + light (24 J/cm2)

4 â€žMEDKC
4 MMEDKC + light (24 J/cm2)ATPhydrolysis*2.0

Â±0.33*

2.1 Â±0.18
1.9 Â±0.23
1.9 Â±0.31
1.7 Â±0.22ATPsynthesis"1.5

Â±0.11
1.3 Â±0.20
1.2 Â±0.15
1.3 Â±0.08
I.I Â±0.22

* Only oligomycin sensitive activity is reported.
* Mean Â±SEM for two experiments.

the rate of succinate-mediated respiration, implying that irre
versible damage and/or tight binding to mitochondria! compo
nents may have occurred. Cyanine dyes have been shown to
bind to proteins, e.g., to cytochrome c. in solution (27). Similar
membrane potential-independent interactions with elements
within the electron transport chain may be responsible for part
of the dark toxicity of higher concentrations of EDKC. Inhibi
tion of cytochrome c oxidase activity cannot account for the
entire effect of dye and light mediated inhibition of succinate
oxidation, since 5 MMEDKC and 24-25 J/cm2 radiation caused

only about a 22% decrease in the enzyme activity, whereas the
same light and dye dose resulted in 70% inhibition of succinate-
linked respiration.

Under our conditions, EDKC does not significantly affect
oligomycin-sensitive ATP synthesis or uncoupler stimulated
ATP hydrolysis either in the dark or after photoirradiation.
Thus, in contrast to the carcinoma-selective cationic dye rho-
damine 123, EDKC does not seem to react with the ATP
synthetase (F0F| ATPase) (6, 11, 21). This difference may be
important, since it eventually may allow the additive or syner-
gistic targeting of multiple intramitochondrial sites by using
cationic photosensitizers with different structures.

Our experiments used isolated mouse liver mitochondria as
a model system to investigate the mechanisms of EDKC pho-
totoxicity. Carcinoma cells differ from most noncarcinoma cells
both in the amount of dye that is taken up and in the length of
time that it is retained ( 1-5). This difference appears to be due
mainly to differences in plasma and mitochondria! membrane
potentials (3) although there may also be some intrinsic differ
ences in the susceptibility of the mitochondria to cationic dyes
(21, 28). Nevertheless, general respiratory function of mito
chondria isolated from various tumors is similar in many re
spects to that of mitochondria isolated from normal tissue (29).
Hence the data presented here for EDKC toxicity and photo-
toxicity may be qualitatively representative of what can be
expected in tumor mitochondria.

In fact, our results on the sensitivity of isolated liver mito
chondria to EDKC correlate with data on intact cells in vitro
(4). We previously found that both carcinoma and nonmalig-
nant cells were essentially unaffected by 30-min exposures to
0.1 MMEDKC in the dark, but that in colony forming assays
about one-half of the cells were killed by dye concentrations
between 1 and 50 MM(4).5 About one-half the carcinoma cells,
which retained the dye, were killed by photoirradiation with 5-
50 J/cm2 after incubation with 0.1 MMEDKC (4). While exact

intracellular dye concentrations are unknown, we can estimate
that the plasma membrane potentials caused on the order of a
10-fold increase in intracellular dye concentration (3). Thus in
the absence of light, the cells tolerated exposure of their mito
chondria to about 1 fiM EDKC but were killed by 10-500 MM

*Unpublished data.

dye (4). With photoirradiation, mitochondria! exposure to
about 1 MMEDKC caused significant cell killing (4). These
values are in reasonable agreement with the results of this study
(Figs. 2-3).

In summary, our data indicate that Complex I in the electron
transport chain is a primary target ofEDKC photosensitization
of isolated mitochondria, and that NADH CoQ reducÃaseac
tivity is very sensitive to light-dependent damage at dye doses
which do not have any dark toxicity. Secondary targets in
Complexes II-IV may be also involved, but only at considerably
higher doses of dye and light. The ATP synthetase (F0Fi
ATPase) is very little affected by EDKC photosensitization.
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