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Abstract

We previously showed that increased mitochondrial inner membrane permeability
which is known as mitochondrial permeability transition (MPT) is triggered by add-
ing succinate in the presence of the diabetogenic agent alloxan. Here, our aim was to
investigate whether mitochondrial respiration is associated with alloxan-induced
MPT. After mitochondria isolated from rat liver were incubated with alloxan at 37°C
for 5 min, the addition of succinate immediately triggered the MPT in the presence
of rotenone. However, little or no induction occurred at incubation temperatures
below 25°C. Malate/glutamate also triggered MPT by alloxan in the absence of rote-
none. In mitochondrial suspensions containing alloxan, succinate accelerated oxygen
consumption that was completely inhibited by cyanide. These results suggest that
mitochondrial respiration is associated with the alloxan-induced MPT. Alloxan rad-
ical production was investigated using ESR spectroscopy. Mitochondria incubated
with succinate and alloxan elicited low signal intensity (radical formation) that in-
creased significantly in the presence of cyanide. When the incubation of alloxan with
mitochondria after the addition of succinate, a little intensity of the signal was ob-
served, but it was remarkably increased after the addition of cyanide. Ubiquinone
analogues inhibited the MPT induction. These results suggest that the initiation of
MPT is associated with alloxan redox cycling via an electron transfer process at a
quinone-binding site in respiratory mitochondria.
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1. Introduction

Mitochondria are known to regulate apoptotic cell death, in addition to their critical
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function in energy metabolism. Loss of mitochondrial integrity is a causative event,
leading to apoptosis in cells after oxidative stress, Ca** toxicity and ischemia/reperfu-
sion, thus supporting the idea that mitochondrial permeability transition (MPT) lead to
the initiation of programmed cell death, apoptosis [1]-[3]. This MPT is thought to im-
plicate in cellular Ca** homeostasis, import of protein into mitochondria, and thermal
regulation in mammalian mitochondria. An assortment of agents can induce the MPT
due to the opening of a large pore that allows components with a molecular mass of 1.5
kDa or lower to diffuse across the inner membrane [4]-[7]. The quinoidal compound
alloxan has diabetogenic action. In previous reports we demonstrated that alloxan in-
duced apoptotic death in INS-1 cells (a rat pancreatic f-cell line) and that the coinci-
dent mitochondrial damage is linked to apoptosis [8], and that alloxan induces MPT
that requires mitochondrial energization, oxidation of protein thiols, and matrix ATP
to promote energized uptake of Ca* [9]. Several studies have demonstrated theinvolve-
ment of mitochondrial events such as activation of mitochondrial-derived factors and
the decrease in mitochondrial transmembrane potential in apoptosis [10] [11]. Ubi-
quinone is a respiratory chain component buried within the inner membrane where it
accepts two electrons from complexes I or II. The reduced adduct, termed ubiquinol,
then donates electrons to complex III. While ubiquinone and its analogs can regulate
MPT [12] [13], the role of mitochondrial respiration in the induction of MPT is not
clear.

Several researchers have demonstrated that the diabetogenic action of alloxan is in-
itiated by the generation of reactive oxygen species (ROS) [9] [14]-[16], althoughthe
detailed molecular mechanism of alloxan-mediated cytotoxicity is not yet clearly un-
derstood. The initial step for ROS generation is mostly mediated by the mitochondrial
electron transfer system [17]. Alloxan is a mild oxidant that is easily reduced to alloxan
radical by GSH or ascorbate [18] [19]. MPT can be induced by a diverse range of stimu-
li, including prooxidants, ganglioside GD3, fatty acids, quinone compounds and thiol
oxidants [10] [12] [20] [21]. Here, we showed that mitochondrial respiration is asso-
ciated with alloxan-induced MPT triggered by succinate, and that MPT should be asso-
ciated with redox cycling of alloxan via an electron transfer process occurring at a qui-

none binding site in respiratory mitochondria.

2. Materials and Methods
2.1. Materials

Alloxan and sodium succinate were purchased from Wako Pure Chemical Industries
Ltd., Osaka, Japan. SOD (from bovine erythrocytes) and catalase (from bovine liver,

thymol free) were from Sigma Co., St. Louis, MO. Other chemicals were of analytical

grade from commercial supplies.

2.2. Measurement of MPT

Liver mitochondria were prepared daily from male Wistar-strain rats weighing ~200 g

that were fasted overnight as described previously [22]. All rats were treated in accor-
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dance with the guidelines of Hokkaido College of pharmacy for the treatment of ani-
mals. To determine the integrity of mitochondria, State 3 respiration and State 4 respi-
ration were measured by the method of Chance and Williams [23]. The averaged respi-
ratory control ratio (State 3/State 4) of control mitochondria was 5.5 + 0.2 for succinate
as the substrate, suggesting the integrity of mitochondria. The standard experimental
conditions for MPT were as follows: mitochondria (1 mg/ml of protein) were equili-
brated at 37°C for 5 min in a total volume of 3 ml of Chelex 100 resin-treated medium
containing 10 mM Tris-HCl pH 7.4, 0.25 M sucrose, and 0.1 pM rotenone. The MPT
was triggered by adding 5 mM succinate to this suspension. The permeability transition
of mitochondria resulting from permeation of sucrose into the mitochondrial matrix
was measured by recording the decrease in absorbance at 540 nm. Various inhibitors

were included at the beginning of the preincubation period before adding alloxan.

2.3. Measurement of Oxygen Consumption

Oxygen consumption was measured by polarography at 37°C using a Clark-type oxy-
gen electrode (YSI model 5300, Yellow Springs Instrument Co., Inc., Yellow Springs,
OH). Mitochondria (1 mg/ml of protein) were suspended in the buffer above contain-
ing 0.1 uM rotenone at 37°C in the presence or absence of 1.0 mM alloxan. The reac-
tion was triggered by the addition of 5.0 mM succinate.

2.4. Measurement of Radical Species

ESR spectra were obtained using a JEOL model JES RE1X (Tokyo, Japan). The standard
incubation mixtures were the same as those for MPT studies. Spectrometer settings for
the alloxan radical were as follows: Magnetic field, 3365G; microwave power, 5.0 mW;
modulation frequency, 9.450 GHz; field modulation width, 0.20 G; time constant, 0.3 s
and 2.5 G/min scan speed. After the incubation at 37°C for the indicated times, samples

were rapidly aspirated into the aqueous flat cell and the ESR spectra were recorded.

2.5. Statistical Analysis

Data are expressed as means *+ S.E. and were statistically analyzed using the Student’s ¢

test for paired data. p < 0.05 was considered statistically significant.

3. Results

3.1. Electron Transfer System Involved in MPT

We previously reported that alloxan promotes enhanced ATP production in mito-
chondria in the presence of succinate [9]. We therefore carried out additional studies to
evaluate whether mitochondrial respiratory function is associated with alloxan-induced
MPT in isolated rat liver mitochondria. Mitochondria were preincubated with alloxan
at 37°C for 5 min in the presence or absence of rotenone, and MPT was then triggered
by adding succinate or malate/glutamate, respectively (Figure 1(a)). Addition of either
malate/glutamate (<0.3 mM/0.3 mM) in the absence of rotenone or succinate (<0.5

mM) in the presence of rotenone clearly promoted MPT in a dose-dependent manner
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Figure 1. Alloxan-induced MPT triggered by the addition of respiratory substrates. (a) After mi-
tochondria were preincubated with 1 mM alloxan for 5 min at 37°C, MPT was triggered by add-
ing respiratory substrates: 1, alloxan; 2, 0.5 mM malate/0.5 mM glutamate or 5 mM succinate; 3,
1 + 0.5 mM malate/0.5 mM glutamate; and 4, 1 + 5 mM succinate. Closed and open arrows indi-
cate the addition of alloxan and respiratory substrates, respectively. Typical results of one expe-
riment are shown, and similar results were obtained with at least three different preparations of
mitochondria; (b) after preincubation with 1 mM alloxan for 5 min, MPT was triggered by add-
ing various concentrations of malate/glutamate (closed circles) or succinate (open circles). Data
are expressed as an average of triplicate experiments + S.E. (error bars).

(Figure 1(b)). Figure 2 shows the effect of incubation temperature on alloxan-induced
MPT triggered by succinate. MPT was clearly observed at incubation temperatures
above 25°C with the maximum rate being achieved at ~37°C. However, a decline of
MPT was observed at 45°C. MPT was not observed with either respiratory substrate in
mitochondria preincubated without alloxan. These results indicate that respiratory
substrates are necessary for the initiation of alloxan-induced MPT.

To confirm the involvement of mitochondrial respiration in the induction of MPT,
oxygen consumption was measured in mitochondria treated with alloxan and/or succi-
nate which is substrate involved in donating electrons to complex II. The rate of mito-
chondrial oxygen consumption increased slightly upon addition of alloxan (Figure 3).
Remarkably, the addition of succinate also elicited increased oxygen consumption.
KCN almost completely inhibited the increase in oxygen consumption, so did NaN;. In
the presence of rotenone, the oxygen consumption by addition of succinate as respira-
tory substrate was strongly inhibited by the complex II inhibitor, thenoyltrifluoroace-
tone, and the complex III inhibitor, antimycin A (data not shown). These results sug-
gest that the oxygen consumption resulted from mitochondrial respiration. Addition of
succinate to mitochondria prior to alloxan caused rapid onset of oxygen consumption,
and subsequent addition of alloxan resulted in a slight decrease in the consumption
rate. Interestingly, KCN scarcely inhibited consumption under these circumstances.
These results suggest that mitochondrial respiration is associated with MPT induction

in mitochondria preincubated with alloxan.

3.2. Genertiopn of Alloxan Radical

Alloxan has a quinone-like structure that is easily converted to the alloxan radical by
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Figure 2. Effect of incubation temperature on alloxan-induced MPT. Before adding alloxan, mi-
tochondria (1 mg/ml of protein) were equilibrated for 5 min in a total volume of 3 ml of medium
consisting of 10 mM of Tris-HCI, 0.25 M sucrose, and 0.1 pM rotenone at the indicated temper-
atures. Other conditions were as described in Materials and Methods. Each value is the mean *

S.E. of triplicate experiments.
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Figure 3. Effect of alloxan on the respiration in mitochondria incubated with succinate. Alloxan
(1 mM) was added to the mitochondrial suspension (1 mg/ml of protein) before (a) or after (b)
adding 5 mM succinate. Each value in parentheses represents the mean * S.E. of triplicate expe-
riments. Typical results of one experiment are shown, and similar results were obtained in three
other independent experiments using three different preparations of mitochondria.

univalent reduction [18] [19]. To investigate whether the redox state of alloxan induced
by the respiration has been implicated in the initiation of the MPT, the generation of
alloxan radical in mitochondria was determined using ESR spectroscopy (Figure 4).
After the addition of succinate, no ESR spectrum could be clearly detected in mito-

chondria preincubated with alloxan (spectrum 1). The addition of KCN resulted in an
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Figure 4. Generation of the alloxan radical in mitochondria. The reaction mixture consisted of
mitochondria (1 mg/ml of protein), 1 mM alloxan and 5 mM succinate with or without 0.3 mM
KCN. The generation of the alloxan radical was detected as described in Materials and Methods.
Spectrum 1, The ESR signal was determined at 1 min after the addition of succinate on mito-
chondria pretreated with alloxan. 2, KCN was added at 1 min after adding succinate under the
conditions in spectrum 1, and then the spectrum was determined immediately. 3, KCN was
present from the beginning of the incubation. Other conditions were as described for spectrum 1.
4, Simulated ESR spectrum using the following parameters: hyperfine coupling constant of a =
aV = 0.45 G. The spectrum matched well with the experimental results. Typical results of one ex-
periment are shown, and similar results were obtained in at least three other independent expe-
riments.

increase in ESR signal intensity under the same conditions (spectrum 2). The ESR
spectrum obtained here (in the presence of KCN) was identified as the alloxan radical
from the hyperfine constants aV = a" = 0.045 mT and the g-value = 2.0052, in agree-
ment with the simulated spectrum (spectrum 4) and our previous spectra [18] [19].
When KCN was present from the beginning of the incubation, the intensity of signal
markedly decreased (spectrum 3). A low level of alloxan radical was observed by the
addition of antimycin A in respiring mitochondria (data not shown). These results

suggest that the alloxan redox cycle is supported in respiring mitochondria.

3.3. Effect of Quinone Cycle Antagonists and Ubiquinol Analogs on MPT

Given that alloxan has a quinone-like structure, we next investigated the interaction of
alloxan with quinone-binding sites during the induction of MPT. Antagonists (myxo-
thiazol and stigmatellin) of a quinol oxidation/proton output (Qo) site of the b¢; com-
plex in the quinone (Q) cycle almost completely inhibited alloxan-induced MPT; and

significant inhibition was also evident with the antagonist antimycin A acting at a qui-
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none reduction/proton input (Qi) site of the bc; complex (Table 1). It has been pro-
posed that quinone analogs modulate the Ca’*-dependent MPT pore through a com-
mon binding site [12] [13]. Ubiquinone 0 and decylubiquinone significantly inhibited
alloxan-induced MPT (Table 1). In the absence of alloxan, none of the inhibitors and
analogs used in this study had an effect on the permeability of mitochondria and the
absorbance at 540 nm in the same range of concentrations effective in inhibiting allox-
an-induced MPT (data not shown). These results suggest that alloxan might induce

MPT via interaction with the quinone-binding site.

3.4. Effect of Antioxidants on MPT

Because the alloxan radical reduces molecular oxygen to the superoxide anion radical
(0,¢7), we investigated the involvement of ROS in the MPT induced by alloxan. As
shown in Table 2, the antioxidant trolox, the hydroxyl radical scavengers thiourea and
DMSO, and the antioxidant enzymes SOD or catalase did not inhibit the MPT. Fur-
thermore, no decrease in intensity of the ESR signal was observed when any antioxi-
dants were added to the alloxan radical-generation system of alloxan with GSH (data
not shown). These results suggest the possibility that alloxan radical generated was di-
rectly involved in MPT induction, rather than ROS.

Table 1. Effects of antagonists of the quinone cycle and ubiquinone analogs on alloxan-induced
MPT.

Additions Concentration Inhibition (%)
Qo site antagonist
Myxothiazol (25 uM) 87.1+1.2
Stigmatellin (10 uM) 90.6 + 0.3

Qi site antagonist

Antimycin A (0.1 uM) 653 +44
Ubiquinone 0 (25 uM) 983 +04
Decylubiquinone (50 uM) 33.5+2.1

Experimental conditions were as described in Figure 2, except that antagonists of the Q cycle and ubiquinone ana-
logs were present from the beginning of the incubation. Each value represents the mean + S.E. of triplicate experi-
ments.

Table 2. Effect of antioxidants on alloxan-induced MPT.

Additions Concentrations AA;,)/15 min Inhibition (%)
None (control) 0.880 + 0.006
Trolox 0.5 mM 0.770 £ 0.040 12.5+4.5
Thiourea 5mM 0.906 + 0.015 -3.0£15
DMSO 25 mM 0.922 + 0.024 -4.8+1.8
SOD 1000 U/mL 0.890 + 0.030 -1.1+34
Catalase 2000 U/mL 0.890 + 0.040 -1.1+45

Experimental conditions were as described in Figure 2, except that antioxidants were present from the beginning of
the incubation. Each value represents the mean + S.E. of triplicate experiments.
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4. Discussion

The rate and extent of MPT is dependent on mitochondrial ATP content [9]. The
present work was carried out to test whether mitochondrial respiration participates in
alloxan-induced MPT. We demonstrated that the rate and extent of MPT increases with
increasing incubation temperature in that alloxan-induced MPT was initiated above
25°C and reached the maximum rate at ~37°C. In the presence of alloxan, the rate of
mitochondrial respiration increased significantly after addition of succinate (compared
to that in the absence of alloxan), which was almost completely inhibited by KCN. Fur-
thermore, the addition of malate/glutamate as well as succinate triggered alloxan-in-
duced MPT, and that was inhibited by the inhibitors of complex III center o, myxo-
thiazol and stigmatellin, and inhibitor of complex III center I, antimycin A. We dem-
onstrated the complex IV inhibitor KCN inhibited alloxan-induced MPT triggered by
succinate [9]. These results suggest that the interaction between alloxan and the mito-
chondrial electron transfer system is involved in the induction of MPT.

When alloxan was added after succinate, only a low level of alloxan radical was ob-
served. It's probably difficult that alloxan enters the intermembrane space in energized
mitochondria, since alloxan has pK 6.63. Under the same condition, the subsequent ad-
dition of KCN did not increase the signal intensity of the alloxan radical. The addition
of KCN to respiring mitochondria containing alloxan enabled us to detect the alloxan
radical by ESR spectroscopy. The addition of KCN to mitochondria should elicit the
reduced state of electron transfer system. Sugioka et a/ demonstrated that the ubise-
miquinone (a one-electron reduced form of coenzyme Q) could be generated in a suc-
cinate/fumarate coupled-KCN-submitochondrial system in the presence of molecular
oxygen [24]. These results suggest that alloxan is reduced to the alloxan radical in ener-
gized mitochondria and that the alloxan redox cycle may participate in the induction of
MPT. Despite the fact that respiration was almost completely inhibited by the addition
of KCN, little effect of KCN on oxygen consumption was observed when alloxan was
added after succinate. These results can be explained by assuming the reaction of al-
loxan and reduced substance such as sulthydryl group in protein rather than the mito-
chondrial electron transport system [18] [19].

The present study demonstrated that quinone analogs remarkably prevented MPT
induced by alloxan which has a quinone-like structure. The ability of ubiquinone ana-
logs to inhibit alloxan-induced MPT is probably associated with their capacity to bind a
quinone-specific site. Fontaine et a/ [12] demonstrated that quinones including ubi-
quinone analogs can elicit MPT, and suggested that a ubiquinone-binding site is di-
rectly involved in the regulation of the mitochondrial permeability transition pore.
Ubiquinone is considered to act as a mobile electron carrier between complexes I, II
and III in the mitochondrial electron transfer system, and Walter et al [13] proposed
that there are two specific sites with which quinone analogs could combine in this sys-
tem. These exogenously added analogs can act as electron acceptor substrates for Com-
plexes I and III [25]. Given that succinate-triggered MPT by alloxan is strongly inhi-
bited by ubiquinone analogs as well as the fact that the rate and extent of MPT triggered
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by the addition of malate/glutamate or succinate/rotenone are similar, ubiquinone
analogs may impart their inhibitory effect via binding to a quinone-specific site in
Complex III, another site of ubiquinone binding site in complex I. From these findings,
we speculated that alloxan bind to the affinity site for quinone in the electron transfer
system.

It has been reported that MPT can be also induced by oxidative stress including thiol
oxidation [9] [21] and the production of ROS in mitochondria may reduce the thre-
shold of MPT by Ca®* [26]. ROS can induce the MPT by targeting specific thiol residues
of certain MPT components [27]. Mitochondria may be a significant source of ROS
given that ~90% of the oxygen consumed by the cell is taken up by mitochondria and
that dysfunction in the electron transfer system markedly enhances ROS production
[28] [29]. In the present study, the MPT and oxygen consumption triggered by the ad-
dition of succinate in the presence of alloxan was strongly inhibited by the inhibitors of
mitochondrial respiration such as KCN, NaNj, antimycin A and thenoyltrifluoroace-
tone. However, alloxan-induced MPT is not significantly prevented by exogenous SOD,
catalase, or the classical «OH scavengers thiourea and DMSO. From these findings, we
deduced that a leak of electron from mitochondrial electron transfer system caused the
reduction of alloxan to alloxan radical, and that O,e”, H,0, and «OH might not be re-
sponsible for the MPT.

5. Conclusion

In conclusion, the induction of MPT by alloxan appears to be dependent on mitochon-
drial respiration. It has been proposed that several mitochondrial disorders are asso-
ciated with the onset of several diseases. Since the diabetogenic agent alloxan should
interact with the quinone-binding site in Complex III, we presume that mitochondrial
dysfunction may constitute one of the causal factors involved in pancreatic S-cell death.
The results present here may be helpful in designing of new strategies to encourage
further research efforts to aid in the development of therapeutic concept in diabetes

mellitus.
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