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Abstract

Singlet oxygen is produced by absorption of red light by the phthalocyanine dye, Pc 4, followed
by energy transfer to dissolved triplet oxygen. Mitochondria pre-incubated with Pc 4 were
illuminated by red light and the damage to mitochondrial structure and function by the generated
singlet oxygen was studied. At early illumination times (3-5 min. of red light exposure), state 3
respiration was inhibited (50%) while state 4 activity increased, resulting in effectively complete
uncoupling. Individual complex activities were measured and only complex 1V activity was
significantly reduced and exhibited a dose response while the activities of electron transport
complexes I, Il and 111 were not significantly affected. Cyt c release was an increasing function of
irradiation time with 30% being released following 5 min. of illumination. Mitochondrial
expansion along with changes in the structure of the cristae were observed by transmission
electron microscopy following 5 min. of irradiation with an increase of large vacuoles and
membrane rupture occurring following more extensive exposures.

Keywords

Singlet oxygen; Mitochondria; Cytochrome ¢ oxidase; Electron transport complexes; Cytochrome
c release; Photodynamic therapy

© 2010 Elsevier Inc. All rights reserved.

"Correspondence to: Vernon Anderson, Division of Pharmacology, Physiology and Biological Chemistry, NIGMS, Building 45, 2AS.
45], Bethesda, MD 20892, andersonve@mail.nih.gov, 301-594-3827 (phone), 301-480-2802 (fax).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al. Page 2

Introduction

Singlet oxygen (10,) is a unique reactive oxygen species }(ROS) which can be generated by
various mechanisms in biological systems [1-3]. When generated in tissues, 10, has the
potential to react with most biological molecules. The ensuing oxidative damage has been
shown to induce necrosis or apoptosis [4,5].

10, may be intentionally generated in abnormal tissues by photodynamic therapy (PDT).
PDT is a rapidly advancing treatment for cancer and certain benign conditions that utilizes a
photosensitive dye and light to produce 10, in a specific location determined both by the
localization of the light and the dye [6,7]. As the primary mediator of PDT effects, 10,
oxidizes biomolecules near its site of formation due to its reactivity which reduces its
potential to diffuse over longer distances. Most photosensitizers for PDT are hydrophobic
planar dyes built on a porphyrin or phthalocyanine platform. These molecules tend to
localize in the membranes of one or more organelles, including mitochondria, endoplasmic
reticulum (ER)/Golgi, lysosomes, or plasma membranes [8].

At Case Western Reserve University, we have been studying the silicon phthalocyanine Pc 4
for several years. Pc 4 was first synthesized here [9] and is currently being studied at
University Hospitals Case Medical Center in clinical trials for skin malignancies and
psoriasis. In cancer cells maintained in cell culture, Pc 4 localizes to mitochondria and ER
[8,10,11], such that upon red light-illumination there is evidence for direct photodamage to
mitochondrial substituents followed by the release of cytochrome c (Cyt c) into the
cytoplasm and the induction of apoptosis, as characterized by the activation of caspases [5],
the cleavage of specific caspase substrates, the fragmentation of DNA, and the condensation
of nuclear chromatin into the characteristic features of morphological apoptosis [12,13]. To
better understand the steps in the process that are critical for the induction of apoptosis by
PDT, we have sought to identify the initial mitochondrial targets of PDT-induced 10,-
mediated oxidative damage. We found that two anti-apoptotic proteins of the mitochondrial
outer membrane, Bcl-2 and Bcl-xL, undergo a type of photodamage that leads to their
complexation with other membrane constituents, as revealed on western blots by the loss of
the native proteins in a manner roughly equivalent to the loss of reproductive integrity of the
cells, the release of Cyt ¢, and the induction of apoptosis [7,14,15]. Further, we have
determined that both cardiolipin and Cyt ¢ can be oxidized by the 10, generated by red-
illumination of Pc 4 present in both liposomes and isolated mitochondria (submitted
companion paper).

Mitochondria are essential cellular organelles, responsible for final steps of oxidative
metabolism and generation of ATP as well as important biosynthetic pathways.
Mitochondria also provide the key initiators for the intrinsic apoptosis pathway, which is
triggered upon the mitochondria receiving signals from other cellular sites or upon direct
damage within this organelle. In the mitochondrial (intrinsic) pathway for apoptosis, Cyt c,
as well as several other proteins of the intermembrane space, is released into the cytoplasm.
Once released to the cytosol, Cyt ¢ interacts with cytoplasmic proteins to form the
apoptosome which results in the activation of a cascade of caspases. Mitochondrial
functional damage by 10, has been studied using various photosensitizers where defects in
mitochondrial respiration [16,17], inactivation of electron transport chain (ETC) complexes,
primarily cytochrome oxidase [16,18-20], and induction of the mitochondrial permeability
transition [21] have been reported. The importance of mitochondrial damage in porphyrin-

LAbbreviations: BSA, bovine serum albumin; CL, cardiolipin; Cyt c, cytochrome c; DCPIP, 2,6-dichloroindophenol; DUQ,
decylubiquinone; ER, endoplasmic reticulum; ETC, electron transport chain; MOPS, (N-morpholino)propanesulfonic acid; PDT,
photodynamic therapy; ROS, reactive oxygen species
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based PDT has been recently reviewed [22]. The in vivo effect of disrupting mitochondrial
energy metabolism has been verified by imaging tumor ATP decreases following PDT [23].
Herein we studied functional and structural damage to rat heart mitochondria by Pc 4-
generated 10, using various analyses in a time-dependent manner with the intent of
identifying the initial mitochondrial targets of 10,.

Experimental

Materials

All chemicals were purchased from major commercial sources. Pc 4 was a generous gift of
Dr. Malcolm E. Kenney (Chemistry Department, CWRU, Cleveland). Mitochondria were
isolated from male Fisher 344 rats, aged 6 months [24] and used within 5 h of isolation.
Mitochondria concentrations were determined by protein assay. Millipore water (18 MQ)
was used throughout.

Pc 4-mediated photodamage to rat heart mitochondria

Mitochondria (0.5 mg protein/mL) in a buffer containing 100 mM KCI, 50 mM 3-(N-
morpholino) propanesulfonic acid (MOPS) and 0.5 mM EGTA were incubated with 200 nM
Pc 4 at room temperature for 10 min. The suspension was illuminated with 100 mW/cm? red
light (Amax 670-675 nm) produced by a light-emitting diode array (EFOS, Mississauga,
Ontario, Canada) at room temperature for varied times and otherwise kept in the dark for the
remaining time course. Control mitochondria were incubated with Pc 4 and kept in the dark
for the whole time course at room temperature. After irradiation, the mitochondrial
suspensions were centrifuged at 2250xg for 10 min., and the pellets were kept on ice for
analysis. When measuring the activities of individual ETC complexes and mitochondrial
respiration rates, the mitochondrial pellet was resuspended in the same buffer to give 20 mg/
mL protein and kept on ice for the assays.

Determination of Cyt ¢ concentration in mitochondria

Proteins were extracted from the control and illuminated mitochondrial pellets using n-
butanol and concentrated ammonium sulphate [25]. The protein extract was reduced by
sodium dithionite, and the amount of Cyt c in the extract was measured using absorbance at
550 nm with 542 nm as reference (Ae = 19.6 mM~1ecm™1).

Electron microscopy

After illumination, the treated and control mitochondria were fixed by adding an equal
volume of phosphate-buffered quarter-strength Karnovsky’s fixative using the method
reported elsewhere [26,27] with little modification. Sections were stained with uranyl

acetate and lead citrate and electron micrographs were obtained with a JEOL 1200EX
electron microscope (Tokyo, Japan).

Measurement of electron transport chain complex activities

All assays were performed with a HP model 8452 diode array spectrophotometer. Complex |
(NADH-Q reductase) activity was measured by following the decylubiquinone (DUQ)-
dependent decrease in absorbance of NADH at 340 nm every 4 s for 1 min. [24,28]. Twenty
pg of mitochondria were dissolved in an assay buffer containing 0.2% bovine serum
albumin (BSA), 0.015% asolectin, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.2
mM NADH, 0.002% antimycin A, 0.08% sodium cholate, and 50 mM KH,PO, at pH 7.4.
The reaction was started by addition of 0.15 mM DUQ.
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Complex Il (succinate dehydrogenase) activity was measured by following the decrease in
absorbance of 2,6-dichloroindophenol (DCPIP) at 600 nm every 4 s for 1 min. using 20 pg
of mitochondria in a buffer containing 0.3% BSA, 2 mM KCN, 0.5 mM phenazine
ethosulfate, 0.025 mM DCPIP, 0.08% sodium cholate, and 100 mM Tris at pH 7.6 with 20
pg of mitochondria [29]. The reaction was started by adding 20 mM succinate.

Complex Il (ubiquinol-Cyt ¢ reductase) activity was measured by a modification of the
method of Lesnefsky et al. [30]. Two ug of mitochondria were assayed in a buffer
containing 0.1% bovine serum albumin, 0.1 mM EDTA, 60 uM oxidized Cyt ¢, 3 mM
NaN3, 0.08% sodium cholate, and 50 mM KH,PO,4 at pH 7.4. The reaction was started by
the addition of 100 uM ubiquinol and the activity was measured by following the increase in
the absorbance of reduced Cyt ¢ at 550 nm every 4 s for 1 min.

Complex IV (Cyt ¢ oxidase) activity was measured by following the decrease in the
absorbance of reduced Cyt ¢ at 550 nm every 4 s for 60 s [31]. The reaction was started by
adding 2 pg of the mitochondria into a buffer containing 0.1 mM EDTA, 30 uM reduced
Cyt ¢, 0.015% asolectin, 0.08% sodium cholate, and 50 mM KH,POy4 at pH 7.4 after a 3
min. preequilibration period.

Mitochondrial oxidative phosphorylation

RESULTS

Oxygen consumption by mitochondria was measured using a Clark-type oxygen electrode at
30°C [26]. Control and illuminated mitochondria were suspended in an assay buffer
containing 80 mM KCI, 50 mM MOPS, 1 mM ethyleneglycol tetraacetic acid, 5 mM
KH,POy4, and 1 mg defatted, dialyzed BSA/mL at pH 7.4. ADP-dependent (state 3), ADP-
independent (state 4) and maximal 2,4-dinitrophenol-stimulated respirations were measured
with 500 pL of the mitochondrial suspension using either glutamate or succinate as
substrates.

Cyt c release from mitochondria

Proteins were extracted from control and illuminated mitochondrial pellets, and the amounts
of Cyt ¢ in the extracts were measured using absorbance of reduced Cyt c. The amounts of
Cyt c extracted from the illuminated mitochondria were normalized to the amount extracted
from the control mitochondria (Figure 1). The results show that after only 5 min. of
illumination, 30% of Cyt ¢ was released and after 40 min. ~ 90% had been released from the
mitochondria. This Cyt ¢ release upon irradiation was also confirmed by SDS-PAGE (data
not shown). The release of Cyt ¢ was found to occur mainly during irradiation because the
continued release of Cyt ¢ was negligible while mitochondria were being kept in the dark
following irradiation.

Effect of Pc 4 red-illumination on mitochondrial morphology

Electron micrographs of mitochondria confirm that the outer membrane is still visibly intact
until over 10 min. of irradiation, even though the inner structure of the mitochondria was
significantly altered at earlier times. Figure 2 shows the gradual changes in mitochondrial
structure attendant to Pc 4-PDT-generated 10,. Mitochondria began to swell and lose cristae
at 5 min., and the damage became more significant at 10 min. Following 20 min. of
illumination, some mitochondria lost the integrity of the inner membrane and at 40 min. a
majority of the mitochondria were destroyed.

The alteration of mitochondrial morphology following 5 min. of illumination was closely
examined by comparison with control mitochondria. Electron micrographs were taken from
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three different spots of each sample, both control and illuminated mitochondria. Individual
mitochondria in these pictures were categorized into four groups from 1 to 4 with 1 being
intact or minimally damaged and 4 being most severely damaged. A typical example of each
group is marked in Figure 2. The number of mitochondria counted in the each field was
between 65 and 76 and the percentage of mitochondria in each category is listed in Table 1.
The common apparent damage occurring to these heart mitochondria during 5 min of
illumination is a loss of cristae and generation of vacuoles, presumably by disruption of the
mitochondrial inner structure, including alterations to the inner membrane, which may
contribute to the observed complete uncoupling of respiration during the initial short
illumination times.

ETC complex activities

Functional damage to the individual mitochondrial ETC complexes was also studied in an
attempt to identify the initial oxidative events that are induced by PDT. The activities of
ETC complexes I, I1, 111 and IV of mitochondria exposed to 10, for 5 min. were assayed by
solubilizing the mitochondria with cholate buffers. The results showed that the individual
activities of solubilized complexes I, Il, and 111 were essentially preserved following 5 min.
of photo-oxidation (Figure 3) and showed only modest losses at 20 min. In contrast,
complex IV activity was severely affected; the deficit was significant (20% decrease)
following as little as 30 s, and after 20 min. of photo-oxidation the activity was diminished
by 65% (Figure 4). These data indicate that there is a specific Pc 4-PDT-induced alteration
of complex IV in rat heart mitochondria.

Pc 4-PDT-induced deficits in mitochondrial oxidative phosphorylation

As shown in Table 2, following 5 min. of illumination of Pc 4-loaded mitochondria, the state
3 respiration rate decreased to ~35% of control. In contrast state 4 respiration increased by
~50%, bringing the respiratory control ratio to near unity; i.e., the mitochondria have
become effectively uncoupled. lllumination for longer than 5 min. decreased both state 3
and state 4 respiration rates by the same extent. Succinate-stimulated respiration activities
also showed similar results; the state 3 respiration rate decreased while the state 4 respiration
increased after 3 min. (data not shown).

To identify the initial changes in mitochondrial function, mitochondrial respiration with
shorter illumination times was closely observed. Typical changes in respiration are shown in
Figure 5. At times as short as 1 minute, state 4 respiration could be observed increasing. In
this replicate, after 3 min. of illumination, state 4 respiration increased by 100% while the
state 3 respiration was unchanged. After 5 min. of irradiation, both the state 4 and state 3
respiration rates started decreasing.

DISCUSSION
Pc 4-mediated PDT

The mechanism of Pc 4-mediated PDT in cells has focused for several years on
mitochondrial effects, although few direct studies of PDT mediated damage on intact
isolated mitochondria have been reported. A major advantage of the controlled time of
illumination experiment is that the effective dose can be varied as the time of exposure,
allowing the crucial functional deficits to be decoupled from the collateral damage that
occurs at higher doses. A significant difficulty with characterizing PDT mediated photo-
oxidation is comparing the effective doses in vitro, in cell culture and in vivo.

Varied oxygen concentrations in different media make it even harder to compare the
effective doses of ROS generated. Oxygen is an essential component for any photo-
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oxidation mediated by 10,. Not surprisingly, the change in oxygen concentration during
PDT also affects the efficiency of PDT [6,32]. For experiments using mitochondria in vitro,
the concentration of mitochondria is important in order to have sufficient oxygen present
during irradiation so that the quantum yield of 10, is not adversely affected. In concentrated
suspension (over ~5 mg protein/mL) with limited surface area, it is routine that by oxidizing
endogenous substrates, mitochondria consume oxygen faster than oxygen diffuses through
the air-water interface into the solution, generating hypoxic conditions. The concentration
used in this study (0.5 mg/mL) was chosen to minimize the rate of endogenous oxygen
consumption, hence maintaining the necessary oxygen for effective PDT.

In interpreting the data from the reported experiments, we are assuming that the 5 min.
exposure to the red light source produces a PDT effect at least as great as that required to
induce apoptosis in cell culture and to be effective in oxygenated tissue in vivo. This
assumption is based on the observations that at this time the mitochondria are effectively
uncoupled, rendering them unable to generate ATP and have released a significant fraction
of Cyt ¢ to the medium. Furthermore 5 min. corresponds to the time required to induce
apoptosis in cell culture using the same LED array in the presence of Pc 4, although it is
recognized that the effective concentrations of Pc 4 at the critical mitochondrial sites may
differ in cells vs. the present isolated mitochondrial system. With this assumption the results
indicate that the primary functional deficits that we detected were the uncoupling of
respiration and specific inactivation of complex IV.

Pc 4-PDT damage to the mitochondrial ETC

The mitochondrial ETC, which consists of a series of redox active protein complexes, is
responsible for more than 85% of the oxygen consumed by cells [33] and mitochondrial
oxidative phosphorylation generates 95% of the energy utilized by most cells [34]. ETC
complexes deliver electrons to oxygen while pumping protons into the mitochondrial
intermembrane space, generating a potential gradient across the inner membrane. Using this
proton gradient, ATP synthase converts ADP to ATP. Damage to one or more of these
components in ETC may cause malfunction of the ETC, which in turn leads to cell death.

This study showed that the mitochondrial ETC is highly sensitive to 10,. Using Pc 4-PDT, 5
min. of illumination significantly damaged the mitochondrial respiration system resulting in
a complete uncoupling and a loss of state 3 respiration by 65%. These results are similar to
those recently reported for isolated rat brain mitochondria where uncoupling resulted in a
decrease in the respiratory control ratio [35] and are consistent with the results obtained in
vivo where PDT results in dramatic decreases in both complex 1V and in ATP [23].
Uncoupling of the ETC leads to depolarization of the mitochondrion. This loss of membrane
potential may result in mitophagy though a pink1-parkin mediated pathway [36]. This
mitophagy is an early response to oxidative stress [32a].

It is interesting that only complex IV activity decreased following 5 min. of irradiation while
the activities of the complexes I, Il and I11 were essentially preserved. Longer irradiation
decreased the activities of complex I, Il and 111 as well, but complex IV more severely. We
have shown that 10, generated by illumination of Pc 4 loaded mitochondria can oxidize Cyt
¢, and presumably other sensitive proteins as well (submitted). Whether complex IV has a
higher affinity for Pc 4 and is damaged due to its proximity to the site of 10, generation or
is inherently more reactive to 10, is unresolved by these experiments.

Effect of complex IV dysfunction

Complex 1V is the terminal enzyme in the ETC where a metal center with His ligands
accumulates four electrons to effect the complete reduction of O, to H,O in a single
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reaction. The propensity of 10, to react with His residues makes it interesting to speculate
that it is this center that is oxidized by 10,. The inhibition of complex IV is common to
many photosensitizers considered for PDT including photofrin, tetra(m-hydroxyphenyl)
chlorin, chalcogenapyrylium dyes as well as phthalocyanins. The independence of inhibition
on photosensitizer structure suggests that it is the localized generation of ROS, not a specific
association with complex IV that is responsible for the generality of inhibition. Independent
of the exact site of modification, impairment of complex IV activity will limit the electron
flow causing electron storage in ETC. It has been hypothesized that the decreased activity of
complex IV leads to the electron leak to surrounding oxygen to generate other ROS that will
cause additional damage to the mitochondrial ETC [37]. Other studies have shown that
copper toxicity induces mitochondria-mediated apoptosis by decreasing complex 1V
activity, which was suggested to be responsible for the structural alteration of mitochondria
and Cyt c release [37,38].

Another important aspect of the observed complex IV inactivation, is that some forms of
complex IV dysfunction result directly in uncoupling; i.e. reducing oxygen to water without
concomitant proton pumping. This malfunction is not a characteristic of complex | or
complex 111 [39]. Mutations of the side chain of certain amino acids at the active site or
along the proton channels of complex IV have been shown to induce uncoupling [40-42]. In
most cases, the uncoupling involved electron transport activity loss, but mutation of N131D
in subunit 1 showed uncoupling with preserved O reduction activity [42]. The increased
state 4 rate found following 3 min. of irradiation in our study may be attributable to a similar
alteration of complex IV activities. Damage responsible for the loss of complex 1V activity
(~30% after 3 min. of illumination) also may have initiated the uncoupling found at this
time.

However the extent of complex IV activity loss found in this study seems not to be enough
to cause the initial state 3 respiration loss observed after 5 min. The faster uncoupled
respiration rate indicates that complex IV activity would be sufficient to support faster state
3 respiration. Additionally complex IV does not usually limit state 3 respiration, e.g. 50%
inhibition of complex 1V activity causes only a 10 % decrease of state 3 respiration [43].
Accompanied with the complex IV activity loss and Cyt c release, alteration of
mitochondrial inner structure observed by EM may also have some effect on the reduced
state 3 respiration rate. The role of the organization of the ETC complexes within the cristae
has drawn attention recently [44] and the changes observed in the mitochondrial
organization may have a significant effect on respiration rates without altering the individual
rates measured in the assays in the presence of homogenizing detergent.

Oxidation of CL and Cyt c in Mitochondrial ETC

CL oxidation may be responsible for the structural and functional damage found in this
study. Yamaok et al. showed that mitochondria with decreased CL had a lower state 3
respiration rate [45]. It is also reported that CL is essential to maintain complex 1V activity
[46]. Complex IV activity defects can be produced both by oxidation and depletion of CL
[47,48]. Because CL’s constituent fatty acids are unsaturated, it is readily oxidized by 10,.
Using the same condition for mitochondria photo-irradiation in the presence of Pc 4, 20 min.
of irradiation oxidized about 8 % of total CL content in mitochondria as determined by mass
spectrometry (companion manuscript). Because oxidized side chains of phospholipids may
be extruded from the bilayer [49], CL oxidation could result in rearrangements in the
phospholipid bilayer which would allow H* diffusion across the membrane, providing a
mechanism of uncoupling mitochondria.

Cyt c is also a target of 10, and provides unique oxidized structures only observed
following generation of 10, [50]. But mitochondrial release of Cyt ¢ is found to be more
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readily detected than oxidation of Cyt ¢ in Pc 4-PDT-induced mitochondrial oxidation
(submitted), suggesting that oxidation of Cyt c is not responsible for the mitochondrial
functional damage observed in this study.

Cyt c release

Following 5 min of illumination, mitochondria released about 30% of Cyt c. Most of this
Cyt ¢ has not been oxidized. This early loss of Cyt ¢ does not adversely affect the uncoupled
rate of respiration suggesting that this loss is not the primary cause for the mitochondrial
functional damage observed in this short time of illumination. The Cyt ¢ release however is
presumed to be an important event in PDT-induced apoptosis [51]. However, oxidation of
CL found at short irradiation times may play an important role in Cyt ¢ release as suggested
elsewhere [52,53].

The detailed mechanism of Cyt c release is still not fully understood. However, the apparent
intact outer membrane observed in the electron micrographs suggests that the release is not
attributable to the physical destruction of mitochondrial outer membranes that was observed
only following longer periods of 10, exposure. Two speculative mechanisms would explain
the rapid release followed by minimal additional leakage. First that there is a threshold for
damage after which all of the Cyt c in an individual mitochondrion is rapidly released as
observed by Goldstein et al [54] or alternatively, that the mechanism for release is activated
during the illumination but is rapidly repaired in the dark. In either case, release relies on the
presence of Bax which is present on our isolated rat heart mitochondria (unpublished).

SUMMARY

The earliest event induced by illumination of Pc 4-loaded mitochondria that these studies
detected was a decrease in state 3 respiration concomitant with a complete uncoupling of
respiration. Additionally structural changes to some of the mitochondria could be detected
by EM as well as a modest release of Cyt c. However the molecular causes of the
mitochondrial uncoupling along with specificity of Complex 1V inactivation require
additional study. With longer irradiation times, increased Cyt c release, alteration of the
mitochondrial structure and nearly complete complex IV activity losses were observed.
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Figure 1.
Relative amount of Cyt c extracted from mitochondria pellet. Cyt ¢ was extracted from

mitochondria pellet illuminated for O to 40 min. and quantified using absorbance. The
quantity was normalized to 0 min. sample.
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Figure 2.

Time course of mitochondrial structural changes observed by transmission electron
microscopy. Isolated rat cardiac mitochondria, pretreated with Pc 4, and continuously
illuminated for various times (minutes) were then prepared for electron microscopy. Control
Pc 4 treated mitochondria (0). Structural changes were quantified by subdividing
mitochondria into four classes with increasing disruption; typical members of each quartile
are numbered 1-4 in the 0 and 20 min micrographs.
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Figure 4.
Complex 1V activity as a function of irradiation time up to 20 min.
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Figure 5.

Effect of irradiation on oxygen consumption by rat heart mitochondria. Mitochondria were
preincubated with Pc 4 for 10 min then illuminated for up to 5 min. State 4 respiration was
increased while state 3 respiration remained intact in short irradiation time. With longer
irradiation time, both state 3 and 4 respiration rates decreased and are almost same which is
a sign of completely uncoupling. Arrows indicate the times when substrates were added.
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Table 1

Changes in mitochondrial structural integrity following 5 min. of irradiation. For this analysis mitochondria
were divided into 4 classes demonstrating decreasing structural integrity as shown in Figure 2.

time (min) 1(%) 2(%) 3(%) 4 (%)
0 26+3 44+2 23+4 643
5 48+2 58+6 30+7 7.3%1
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Table 2

Mitochondrial respiration following 5 min. of irradiation

min. state 3 state 4 DNP RCR

0 136 9.2 29+0.7 178 £30.4 4.7
5 48+19.1 45184 48+26.9 11
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