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Direct detection of intramitochondrial superoxide an-
on radical (O2

2•) production is of critical importance for
nvestigating the pathophysiological consequences re-
ulting from altered cellular reactive oxygen homeosta-
is. The purpose of this study with isolated mitochondria
as to characterize the biochemical basis for lucigenin
s a chemiluminescent probe to detect intramitochon-
rial O2

2• production. Incubation of isolated mitochon-
ria with lucigenin at non-redox cycling concentra-
ion produced lucigenin-derived chemiluminescence
LDCL), which was increased markedly by mitochon-
rial substrates, pyruvate/malate or succinate. The
DCL was reduced greatly by the membrane permeable
uperoxide dismutase (SOD) mimetics, 2,2,6,6-tetra-
ethylpiperidine-N-oxyl and Mn(III)tetrakis(1-methyl-

-pyridyl)porphyrin, but not by Cu,Zn-SOD. With an ion-
air HPLC method, a concentration-dependent accumu-

ation of lucigenin was detected within mitochondria.
he accumulation of lucigenin by mitochondria was re-
uced markedly in the presence of carbonyl cyanide
-(trifluoromethoxy)phenyhyldrazone, an uncoupler
nown to dissipate the mitochondrial membrane poten-
ial. With submitochondrial particles, we observed that
oth complexes I and III of the mitochondrial electron
ransport chain appear to be able to catalyze the one
lectron reduction of lucigenin, a critical step involved
n LDCL. After incubation of mitochondria with lucige-

1 To whom correspondence should be addressed: Room 7032, Divi-
ion of Toxicological Sciences, Department of Environmental Health
ciences, The Johns Hopkins University School of Hygiene and Pub-

ic Health, 615 N. Wolfe Street, Baltimore, MD 21205. Fax: 410-955-
116. E-mail: mtrush@jhsph.edu.
Abbreviations used: LDCL, lucigenin-derived chemiluminescence;

OD, superoxide dismutase; TEMPO, 2,2,6,6-tetramethylpiperidine-
-oxyl; MnTMPyP, Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin,
ETC, mitochondrial electron transport chain; AA, antimycin A;
YX, myxothiazol; FCCP, carbonyl cyanide p-(trifluoromethoxy-

phenylhydrazone; FBS, fetal bovine serum; BSA, bovine serum al-
umin; PBS, phosphate buffered saline; SMP, submitochondrial par-
icles; ROS, reactive oxygen species; KCN, potassium cyanide.
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-methylacridone, the proposed end product of the re-
ction pathway leading to LDCL, within the mitochon-
rial fraction was also detected. In addition, a signifi-
ant linear correlation was observed between the
DCL and either the lucigenin accumulation or the
-methylacridone formation within the mitochondria.
aken together, our results conclusively demonstrate

hat when properly used LDCL can reliably detect intra-
itochondrial O2

2• production. © 1999 Academic Press

Key Words: lucigenin; chemiluminescence; superox-
de; mitochondria.

Because of its sensitivity, lucigenin (bis-N-methyl-
cridinium)-derived chemiluminescence (LDCL) has fre-
uently been used in the specific detection of superoxide
nion radical (O2

2•) production by various enzymatic and
ellular systems (1–11). For lucigenin to specifically de-
ect biological O2

2• production, three key steps must take
lace. These include the one electron reduction of lucige-
in to its cation radical; the reaction of the lucigenin
ation radical with biological O2

2• to yield lucigenin diox-
tane; and the decomposition of the lucigenin dioxetane
o form an electronically excited N-methylacridone,
hich upon relaxation to the ground state emits a
hoton (3).
Although there are many potential cellular sources

f reactive oxygen species (ROS) production, mitochon-
rial respiration usually consumes about 90% of the O2

tilized by cells and is generally considered the major
ource of cellular ROS (12–14). As such, mitochondria-
erived ROS have frequently been implicated in a
umber of diseases and disorders, including aging (15),
eurodegenerative diseases (16, 17), cancers (14, 18),

schemia/reperfusion injury (19), and cytotoxicities in-
uced by both xenobiotics and endobiotics (14, 20).
hus, the detection and measurement of mitochondria-



generated ROS are of critical importance for in-
v
m
s
s
s
a
m
b
c
m
t
m
t
c
d
H
t
p
i
t
i
t
e
N
a
m
c
p
d
s
c
c
i
i

M

s
t
(
p
e
S
p
(
t
p
T
i

m
D
c
s
m
u
a

Isolation of mitochondria from monocytes/macrophages. Mito-
c
m
m
t
m

p
2
b
p
i
u
1
o
p

c
L
m
t
a
b
m
T
o
v
f
r
r
w
i
i

t
i
B
r
t
A
t
m
f

m
(
r
o
s
t

c
(
c
3
s
c
w
a
c
s
b
d
t
w
a

Vol. 262, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
estigating the pathophysiological consequences of
itochondria-derived ROS. Toward this goal, recent

tudies in this laboratory have demonstrated that a
ignificant LDCL response can be observed with un-
timulated rat alveolar macrophages through a mech-
nism not accounted for by the activity of the plasma
embrane-associated NADPH oxidase, as measured

y cytochrome c reduction (21). Further studies using
onfocal microscopy demonstrated that in rat alveolar
acrophages lucigenin exhibited a localization similar

o that of rhodamine 123, a fluorescent indicator of
itochondrial membrane potential (7). By examining

he effects of various mitochondrial inhibitors, it was
oncluded that the LDCL appears to reflect mitochon-
rial O2

2• formation in rat alveolar macrophages (7).
owever, regarding the use of LDCL for reliably de-

ecting mitochondrial O2
2• production, several critical

oints remain to be experimentally addressed. These
nclude whether: LDCL can be elicited by isolated in-
act mitochondria; the mitochondrial inner membrane
s permeable to lucigenin; the mitochondrial electron
ransport chain (METC) is able to catalyze the first
lectron reduction of lucigenin; and the formation of
-methylacridone, the proposed end product of the re-
ction pathway leading to LDCL (3), occurs within the
itochondria. In this study with isolated intact mito-

hondria, we have investigated these important as-
ects to further characterize lucigenin as a probe for
etecting intramitochondrial O2

2• production. Our re-
ults demonstrate that lucigenin can get into and ac-
umulate in mitochondria, and then be reduced to its
ation radical by the METC. The lucigenin cation rad-
cal can then react with the METC-derived O2

2•, lead-
ng to LDCL and the production of N-methylacridone.

ATERIALS AND METHODS

Materials. Lucigenin, N-methylacridone, succinic acid (sodium
alt), pyruvic acid (sodium salt), maleic acid (disodium salt), 2,2,6,6-
etramethylpiperidine-N-oxyl (TEMPO), NADH, rotenone, antimycin A
AA), myxothiazol (MYX), carbonyl cyanide p-(trifluoromethoxy)-
henylhydrazone (FCCP), superoxide dismutase (SOD) from bovine
rythrocytes, and bovine serum albumin (BSA) were purchased from
igma Chemical Co. (St. Louis, MO). Mn(III)tetrakis(1-methyl-4-
yridyl)porphyrin (MnTMPyP) was a product of Cayman Chemical Co.
Ann Arbor, MI). Fetal bovine serum (FBS) was obtained from Biowhit-
aker (Walkersville, MD). RPMI 1640, phosphate-buffered saline (PBS),
enicillin and streptomycin were products of Gibco (Grand Island, NY).
issue culture flasks were purchased from Corning Incorporated (Corn-

ng, NY).

Culture and differentiation of ML-1 cells to monocytes/
acrophages. Human monoblastic ML-1 cells were obtained from
r. Ruth W. Craig, Dartmouth Medical School, NH. The cells were

ultured at 37°C in an atmosphere of 5% CO2 in RPMI 1640 medium
upplemented with penicillin 50 (units/ml) and streptomycin (50
g/ml) and 7.5% FBS in 150 cm2 tissue culture flasks. The procedure
sed for differentiation of ML-1 cells to monocytes/macrophages was
s described previously (11).
81
hondria were isolated from freshly harvested monocytes/
acrophages according to the method of Rickwood et al. (22) with
inor modifications as described previously (11). Mitochondrial pro-

ein was measured with Bio-Rad protein assay dye based on the
ethod of Bradford (23) with BSA as the standard.

Preparation of submitochondrial particles (SMP). SMP were pre-
ared according to the method of Pedersen et al. (24). Briefly, about
0 mg freshly isolated mitochondria were suspended in 1 ml sucrose
uffer (0.25 M sucrose, 10 mM Hepes, 1 mM EGTA, and 0.5% BSA,
H 7.4). The sample was then sonicated on ice for 2 min at 15-second
ntervals, and centrifuged at 10,000 g for 10 min to remove the
nbroken mitochondria. The supernatant was further centrifuged at
05,000 g for 60 min and then the resulting SMP pellet was washed
nce with sucrose buffer and resuspended in the same buffer. SMP
rotein was measured as described above.

Chemiluminescent measurement of O2
2• production by intact mito-

hondria and SMP. LDCL was monitored with a Berthod Biolumat
B9505 at 37°C. For measurement of the LDCL elicited with intact
itochondria, the reaction mixture contained 0.5 mg protein of mi-

ochondria in 1 ml air-saturated respiration buffer in the presence or
bsence of exogenous substrates or other reagents. The respiration
uffer contained 70 mM sucrose, 220 mM mannitol, 2 mM Hepes, 2.5
M KH2PO4, 2.5 mM MgCl2, 0.5 mM EDTA, and 0.1% BSA, pH 7.4.
he mitochondrial substrates used included 6 mM pyruvate/malate
r 6 mM succinate. The LDCL response was initiated by adding
arious concentrations of lucigenin, and was continuously monitored
or 60 min. For measurement of the LDCL elicited with SMP, the
eaction mixture contained 25–200 mg protein of SMP in 1 ml respi-
ation buffer in the presence of 100 mM NADH. The LDCL response
as initiated by adding 5 mM lucigenin, and was continuously mon-

tored for 15 min. Data from LDCL experiments are expressed as the
ntegrated area under the curve.

Quantitation of SMP-derived O2
2• formation by epinephrine oxida-

ion assay. The O2
2• production by SMP was measured as SOD-

nhibitable oxidation of epinephrine to adrenochrome as described by
overis (25). Briefly, the reaction mixture contained 1 mM epineph-
ine, 100 mM NADH and 25–200 mg protein of SMP in 1 ml respira-
ion buffer in the presence or absence of 300 units/ml Cu,Zn-SOD.
fter 15 min incubation at 37°C, the reaction was stopped by placing

he tubes on ice, and the adrenochrome formation was immediately
easured at 480 nm. Data are expressed as nmol adrenochrome

ormed.

Measurement of O2 consumption. The rate of O2 consumption was
easured polarographically with a Clark-type oxygen electrode

YSI-53, Yellow Springs, OH) at 37°C in 2.5 ml reaction mixture. The
eaction mixture contained 0.5 mg protein/ml of intact mitochondria
r 0.25 mg protein/ml of SMP in the presence or absence of exogenous
ubstrates or other agents in respiration buffer. The final concentra-
ion of NADH or succinate was 6 mM.

Incubation of mitochondria with lucigenin, and extraction of lu-
igenin and N-methylacridone from mitochondria. Mitochondria
0.5 mg protein) were incubated with 6 mM succinate and various
oncentrations of lucigenin in 1 ml air-saturated respiration buffer at
7°C for 60 min unless indicated otherwise. After incubation, the
ample was centrifuged at 10,000 g for 10 min. The resulting mito-
hondrial pellet was washed once with PBS. 100 ml cold methanol
as then added to the mitochondrial pellet, followed by sonication
nd centrifugation at 13,000 g for 10 min. The supernatant was
ollected. The above step was repeated four times. The resulting
upernatants were pooled and desiccated completely under nitrogen
lowing. For HPLC analysis of lucigenin and N-methylacridone, the
esiccated sample was dissolved in 200 ml methanol. The concentra-
ion of lucigenin or N-methylacridone within mitochondrial fractions
as calculated according to standard curves derived for lucigenin
nd N-methylacridone.
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Ion-pair HPLC analysis of lucigenin and N-methylacridone.
nalysis of lucigenin and N-methylacridone by HPLC was performed
ith a liquid chromatograph system consisting of a Waters U6K

njector, two Waters Model 501 solvent delivery systems (Waters
ssociates, Milford, MA) controlled with a NEC Powermate 2 com-
uter running a Waters Maxima 820 software program. Absorbance
as monitored at 260 nm using a Waters Model 490 multiwave-

ength detector. Separations performed with a Zorbax (Dupont, Wil-
ington, Del) reverse phase C18 column (5 mm, 4.6 3 250 mm) were

arried out at ambient temperature with a flow rate of 1 ml/min
sing a methanol-water gradient system. For ion pairing with the
ositively charged lucigenin molecule, the water portion of the
ethanol-water gradient system contained 60 mM perchloric acid at

H 4. Initial solvent conditions were 40% methanol with a linear
radient to 55% methanol in 10 min, after which conditions re-
ained isocratic at 55% methanol for another 20 min.

ESULTS

LDCL elicited with isolated mitochondria. As
hown in Fig. 1, incubation of mitochondria with 5 mM
ucigenin elicited a CL response above the background
f the luminometer (Curve 1). Addition of pyruvate/
alate or succinate enhanced dramatically the LDCL

Curves 2 and 3). The LDCL response with the
uccinate-driven mitochondria was about 10 times as
igh as that of the pyruvate/malate-supported mito-
hondria (Fig. 1). Previously, mitochondria supported
y succinate have also been shown to produce more

2O2 than those supported by pyruvate/malate (26,
7). The LDCL elicited with either pyruvate/malate- or
uccinate-driven mitochondria was correlated linearly
ith the concentration of lucigenin added (1–20 mM)

Fig. 2A and B). As shown in Fig. 2C, with succinate-
upported mitochondria lucigenin at these concentra-
ions (#20 mM) didn’t undergo redox cycling as evi-
enced by the failure to stimulate potassium cyanide

FIG. 1. Profiles of LDCL response elicited with isolated mito-
hondria. Mitochondria (0.5 mg/ml) were incubated in the presence
r absence of 6 mM pyruvate/malate or 6 mM succinate at 37°C (see
aterials and Methods). The LDCL response was initiated by adding
mM lucigenin. Curve 1, mitochondria 1 lucigenin; curve 2, mito-

hondria 1 pyruvate/malate 1 lucigenin; curve 3, mitochondria 1
uccinate 1 lucigenin.
82
2

t 50 and 100 mM did stimulate KCN-resistant O2

tilization (Fig. 2C). This indicates that lucigenin at
hese concentrations (50 and 100 mM) undergoes redox
ycling, resulting in additional O2

2• production. There-
ore, to specifically detect the METC-derived O2

2• in our
solated mitochondrial system, only non-redox cycling
oncentrations of lucigenin (20 mM or less) were used.
ppreciation of this property of lucigenin is an impor-

ant consideration when lucigenin is being used to
pecifically detect biological O2

2• production. This has
ecently been elucidated through extensively assessing
he concentration-dependent redox cycling of lucigenin
n a wide spectrum of biological systems (11). In data
ot shown, lucigenin at concentrations #20 mM did not
ignificantly affect mitochondrial O2 utilization in the
bsence of KCN. This suggests that lucigenin at con-
entrations #20 mM did not disturb the normal mito-

FIG. 2. Concentration-dependent LDCL elicited with pyruvate/
alate (panel A)- or succinate (panel B)-supported mitochondria,

nd the KCN-resistant O2 consumption induced by lucigenin with
uccinate-supported mitochondria (panel C). Mitochondria (0.5 mg/
l) were incubated in the presence or absence of 6 mM pyruvate/
alate or 6 mM succinate at 37°C (see Materials and Methods). The
DCL response was initiated by adding the indicated concentrations
f lucigenin. KCN-resistant O2 consumption was measured at 37°C
fter incubation of the KCN (0.2 mM)-treated succinate-
upplemented mitochondria with the indicated concentrations of
ucigenin (panel C). Values in panels A and B represent means from
hree experiments; values in panel C represent mean 6 S.E. from at
east three experiments. ND, not detectable.
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hondrial electron flow. However, we did observe a
ecrease in mitochondrial aconitase activity at the re-
ox cycling concentrations of 50 and 100 mM lucigenin
ut not at 5 mM lucigenin, which is the typical concen-
ration that we generally use to assess intramitochon-
rial O2

2• generation.
We have previously demonstrated that in both

anthine/xanthine oxidase and phagocytic NADPH ox-
dase systems, LDCL correlates linearly with SOD-
nhibitable cytochrome c reduction in detecting the O2

2•

eneration by these two systems (11). To further link
he amount of LDCL to that of METC-derived O2

2•

roduction, we next examined the correlation between
he LDCL and the SOD-inhibitable epinephrine oxida-
ion by mitochondria. SOD-inhibitable epinephrine ox-
dation assay has been widely used to quantitate O2

2•

roduction by SMP (25). Because methods such as epi-
ephrine oxidation assay can not be used to directly
ssess intramitochondrial O2

2• production with intact
itochondria, NADH-supported SMP were used to

emonstrate the above correlation. As shown in Fig. 3,
hen the amount of SMP was varied, a significant

inear correlation (r 5 0.97) between LDCL and SOD-
nhibitable epinephrine oxidation by NADH-supported
MP was observed.

Effects of Cu,Zn-SOD and SOD-mimetics on LDCL.
o assess the involvement of O2

2• in the LDCL with
ntact mitochondria, we examined the effects of Cu,Zn-
OD and the membrane permeable SOD mimetics,
EMPO and MnTMPyP (28, 29). As shown, the LDCL
licited with the succinate-supplemented mitochondria
as not affected significantly by Cu,Zn-SOD, but
as reduced greatly in the presence of TEMPO or
n(III)TMPyP (Fig. 4). In data not shown, inhibition of

FIG. 3. Correlation between LDCL and SOD-inhibitable epi-
ephrine oxidation in NADH-supported SMP. LDCL at 5 mM lucige-
in and SOD-inhibitable epinephrine oxidation were measured at
7°C for 15 min after incubation of 100 mM NADH with various
mounts of SMP (25, 50, 100 and 200 mg protein/ml) (see Materials
nd Methods). Values represent the mean from triplicate measure-
ents.
83
ependent with MnTMPyP being a more potent inhib-
tor. In addition, neither TEMPO nor MnTMPyP at the
oncentrations used significantly affected mitochon-
rial respiration as assessed by O2 consumption (data
ot shown).

Ion-pair HPLC detection of lucigenin and N-methyl-
cridone. Previous studies with confocal microscopy
ndicate that lucigenin accumulates in mitochondria of
lveolar macrophages (7). To determine the accumula-
ion of lucigenin and the presence of its O2

2•-dependent
reakdown product, N-methylacridone in isolated in-
act mitochondria, an ion-pair HPLC system was de-
eloped. Figure 5 illustrates the HPLC profile and the
tandard curves of authentic standards of lucigenin
nd N-methylacridone. The peak retention time for
ucigenin and N-methylacridone was 8.3 and 21.9 min,
espectively. Two absorbencies with the above peak
etention times were detected in extracts of succinate-
upported mitochondria following incubation with
ucigenin (chromatograph not shown). Co-chroma-
ography studies further indicated the occurrence of
ucigenin and its metabolite, N-methylacridone in the

itochondrial extracts.

Accumulation of lucigenin by mitochondria and the
ole of mitochondrial membrane potential in lucigenin
ccumulation. As shown in Fig. 6A, lucigenin accu-
ulation within the mitochondrial fraction was pro-

ortional to the concentration of lucigenin added to the
itochondrial suspension. Significant accumulation of

ucigenin was detected within the mitochondrial frac-
ion after incubation with 1 mM lucigenin (Fig. 6A).
oreover, a significant linear correlation resulted be-

ween the concentration of lucigenin added to the mi-
ochondrial suspension and the mitochondrial accumu-

FIG. 4. Effects of Cu,ZnSOD and the SOD mimetics, TEMPO
nd MnTMPyP on the LDCL elicited with succinate-supported mi-
ochondria. Mitochondria (0.5 mg/ml) were incubated with 6 mM
uccinate in the presence or absence of Cu,ZnSOD (500 units/ml),
EMPO (3 mM) or MnTMPyP (5 mM) at 37°C (see Materials and
ethods). The LDCL response was initiated by adding 5 mM lucige-

in. Values represent mean 6 S.E. from three experiments.
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ation of lucigenin (r 5 0.99). It should be noted that
ince lucigenin accumulates in the mitochondria, the
oncentration of lucigenin within the mitochondria is
ikely to be higher than that added to the mitochon-
rial preparation. Despite this accumulation, it is our
xperience that addition of lucigenin at concentrations
20 mM does not result in an increase in KCN-

esistant O2 consumption (11, Fig. 2). Moreover, with
ntact ML-1-derived monocytes/macrophages we did
ot observe a stimulation of KCN-resistant O2 con-
umption by up to 50 mM lucigenin (11). Similar to the
tudies presented here, we can detect lucigenin in the
itochondria of these cells by HPLC (data not shown).
To examine a role for the mitochondrial membrane

otential in lucigenin accumulation, the uncoupler
CCP was used to dissipate the membrane potential

30). As shown in Fig. 6B, when mitochondria were
ncubated with 5 mM lucigenin in the presence of 1 mM
CCP, the amount of mitochondrial lucigenin accumu-

ation was greatly reduced. The reduction of mitochon-
rial lucigenin accumulation was observed at both 15
nd 60 min after incubation with lucigenin in the pres-
nce of FCCP (Fig. 6B).

FIG. 5. HPLC profile (panel A) and standard curves (panels B
nd C) of the authentic standards of lucigenin and N-methyl-
cridone. Separation was performed based on ion-pair HPLC (see
aterials and Methods).
84
as been shown that at high concentrations lucige-
in is able to undergo redox cycling in several sys-
ems, including isolated mitochondria (11, 31, Fig.
C). The redox cycling of lucigenin causes additional
onsumption of O2. Using SMP, we took advantage of
his property of lucigenin to determine the site(s) of
he METC involved in the one electron reduction of
ucigenin. As shown with NADH-supported SMP, lu-
igenin at 50 mM increased the O2 consumption in
he presence of rotenone (Fig. 7A), a complex I inhib-
tor that blocks electron flow from NADH dehydro-
enase to ubiquinone (32). With SMP energized by
uccinate, lucigenin at 150 mM also caused addi-
ional O2 consumption (Fig. 7B). This stimulation of

2 consumption could be blocked completely by the
omplex III inhibitors, AA plus MYX (32), no matter
hether they were added prior to or after the lucige-
in (Fig. 7B and C).

Formation of N-methylacridone within mitochon-
ria. N-methylacridone is the proposed end product
f the reaction pathway leading to LDCL (3). We there-

FIG. 6. Accumulation of lucigenin by mitochondria (panel A) and
he effect of FCCP on mitochondrial lucigenin accumulation (panel
). In panel A, succinate-supported mitochondria (0.5 mg/ml) were

ncubated with the indicated concentrations of lucigenin at 37°C for
0 min, and then the accumulation of lucigenin within the mitochon-
rial fraction was analyzed (see Materials and Methods). The con-
entration of lucigenin within the mitochondrial fraction was calcu-
ated according to the standard curve derived for lucigenin (Fig. 5B).
n panel B, succinate-supported mitochondria (0.5 mg/ml) were in-
ubated with 5 mM lucigenin in the presence or absence of 1 mM
CCP at 37°C for the indicated times, and then the accumulation of

ucigenin within the mitochondrial fraction was measured. In both
anels A and B, values represent means from two experiments.
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ore examined whether N-methylacridone could be
ormed within the mitochondria following incubation
ith lucigenin. As shown in Fig. 8 after incubation
ith lucigenin at concentrations between 5 and 20 mM,
-methylacridone was detected within the mitochon-
ria. Moreover, the formation of N-methylacridone
ithin the mitochondrial fraction correlated linearly
ith the concentration of lucigenin added to the mito-

hondrial suspension (r 5 0.98) (Fig. 8).

Correlation between LDCL and mitochondrial lucige-
in accumulation or N-methylacridone formation. To
urther validate lucigenin as a probe for detecting in-
ramitochondrial O2

2•, we next determined the correla-
ion between LDCL and mitochondrial lucigenin accu-
ulation or N-methylacridone formation. As shown in

FIG. 7. Stimulation of O2 consumption by lucigenin with SMP.
2 consumption was monitored after incubation of SMP (0.25 mg/ml)
ith the indicated chemicals at 37°C (see Materials and Methods).
he concentration of NADH or succinate was 6 mM; of rotenone, AA
r MYX was 10 mM; of lucigenin was 50 mM (panel A) and 150 mM
panels B and C). The values under the curves represent mean 6 S.E.
rom at least three experiments, with the unit being nmol O2/min/mg
rotein of SMP.
85
ig. 9, a significant linear relationship (r 5 0.99) was
bserved between LDCL and either lucigenin accumu-
ation or N-methylacridone formation within the mito-
hondria. It should be noted that the concentrations of
ucigenin used to determine these correlations are be-
ow those that we found to redox cycle in mitochondria
Fig. 2C).

FIG. 8. Formation of N-methylacridone within mitochondria fol-
owing incubation with lucigenin. Succinate-supported mitochondria
0.5 mg/ml) were incubated with the indicated concentrations of
ucigenin at 37°C for 60 min, and then the formation of
-methylacridone within the mitochondrial fraction was analyzed

see Materials and Methods). The concentration of N-methylacridone
ithin the mitochondrial fraction was calculated according to the

tandard curve derived for N-methylacridone (Fig. 5C). Values rep-
esent means from two experiments.

FIG. 9. Correlation between LDCL and mitochondrial lucigenin
ccumulation (panel A) or N-methylacridone formation (panel B).
DCL was measured with succinate-supported mitochondria (0.5
g/ml) in the presence of 1, 2.5, 5, 10 and 20 mM of lucigenin at 37°C

or 60 min. After this 60 min of incubation, the lucigenin accumula-
ion and N-methylacridone formation within the mitochondrial frac-
ion were analyzed (see Materials and Methods). Values represent
eans from two experiments.
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The results of this study demonstrate that LDCL can
e elicited with isolated intact mitochondria, which
trongly supports our previous conclusion that LDCL
ppears to reflect mitochondrial O2

2• formation in in-
act cells (7). To determine the role of O2

2• in the pro-
uction of the LDCL, we examined the effects of SOD
nd the membrane permeable SOD mimetics, TEMPO
nd MnTMPyP. The nearly complete inhibition of
DCL by TEMPO and Mn(III)TMPyP, but not by
u,Zn-SOD (Fig. 4) suggests that LDCL detects intra-
itochondrial O2

2• production exclusively. This obser-
ation also indicates that lucigenin may be able to
enetrate the inner membrane of mitochondria. In-
eed, lucigenin was detected in mitochondrial extracts
ollowing incubation of mitochondria with lucigenin
Fig. 6), proving that the mitochondrial inner mem-
rane is permeable to lucigenin.
Rhodamine 123 is a cation that can accumulate in
itochondria as a result of the negative mitochondrial
embrane potential (33). The structural similarity be-

ween the lucigenin molecule and rhodamine 123 sug-
ests that lucigenin may be able to cross the mitochon-
rial inner membrane via an ionic attraction between
he positively charged lucigenin molecule and the neg-
tively charged mitochondrial inner membrane. To
est this possibility, the mitochondrial membrane po-
ential was destroyed by treatment with FCCP, an
ncoupler of mitochondrial oxidative phosphorylation
30). The marked reduction of lucigenin accumulation
ithin mitochondria in the presence of FCCP supports

he above possibility. Thus, the mitochondrial mem-
rane potential appears to be a major driving force, if
ot the only one, for lucigenin accumulation. As such,
hen LDCL is used to detect mitochondrial O2

2• pro-
uction, the status of the mitochondrial membrane
otential becomes a critical factor. In this regard, a
ecrease in mitochondria-dependent LDCL may be
ore reflective of the loss of mitochondrial membrane

otential rather than altered mitochondrial ROS gen-
ration. Accordingly, simultaneous detection of extra-
itochondrial H2O2 by luminol-amplified chemilumi-

escence can be used to correctly assess mitochondrial
OS generation when the mitochondrial membrane
otential is significantly disrupted (34).
A critical process involved in the production of LDCL

s the one electron reduction of lucigenin to its cation
adical (3). To determine whether the METC is able to
atalyze this step we took advantage of the fact that
ucigenin at a concentration $50 mM can undergo re-
ox cycling with isolated mitochondria (Fig. 2C). This
ccurs when the concentration of the lucigenin cation
adical exceeds that of O2

2• being produced by the bio-
ogical source. When this happens the reaction be-
ween the lucigenin cation radical and molecular O2

ow leads to additional O2 utilization (11). Therefore,
86
2

ling can be used to reflect the one electron reduction of
ucigenin. The stimulation of rotenone-resistant O2

onsumption by lucigenin in NADH-supported SMP
ndicates that NADH-dehydrogenase is able to catalyze
he one electron reduction of lucigenin. NADH-
ehydrogenase has been shown to be capable of cata-
yzing the one electron reduction of a number of other
hemicals, including paraquat, adriamycin, menadione
nd benzo(a)pyrene-derived quinones (14). Both AA
nd MYX are inhibitors of mitochondrial complex III
32). Previous studies reported that simultaneous
reatment of mitochondria with AA and MYX resulted
n a complete blockage of the electron flow through
omplex III (35). The complete inhibition of lucigenin-
nduced stimulation of O2 consumption by AA plus

YX with succinate-supported mitochondria suggests
hat complex III is also able to catalyze the one electron
eduction of lucigenin.
Formation of N-methylacridone within mitochondria

emonstrates that the proposed reaction pathway
eading to LDCL (1, 3) also occurs within isolated mi-
ochondria. Based on the data presented in Figs. 6 and
, the molar ratio of N-methylacridone formed to lu-
igenin accumulated within the mitochondria was cal-
ulated to be 0.019. This ratio is close to the one esti-
ated by a previous study (36). In that study, based on
fluorospectrophotometric analysis of the xanthine

xidase plus hypoxanthine system, Totter reported
hat the averaged molar ratio of the presumed
-methylacridone to lucigenin was about 0.016 (36).
hese observations indicate that only a minor portion

,1%) of the lucigenin is finally converted to
-methylacridone in the above systems. Lastly, the
alidity of lucigenin as a detector of O2

2• production
ithin mitochondria was also strongly supported
y the significant linear correlation between LDCL
nd either mitochondrial lucigenin accumulation or
-methylacridone formation (Fig. 9). LDCL thus ap-
ears to provide a qualitative rather than absolute
easure of O2

2• production. However, when a standard
urve for LDCL versus O2

2• is derived, LDCL may be
sed to precisely quantify biological O2

2• as demon-
trated in SMP (Fig. 3) and other O2

2•-generating sys-
ems (11).

In conclusion, this study demonstrates that the
hemilumigenic probe lucigenin can get into and accu-
ulate in mitochondria, and then be reduced to its

ation radical by the METC. The lucigenin cation rad-
cal can then react with the METC-derived O2

2•, lead-
ng to LDCL and the production of N-methylacridone.
he evidence that lucigenin undergoes these processes

n isolated mitochondria further indicates that mito-
hondria may be a major contributor when LDCL is
bserved with intact cells or tissues. In view of the
xistence of other potential cellular sources of O2

2• the
itochondria-derived O2

2• as detected by LDCL can be
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ther sources through using specific mitochondrial in-
ibitors or by creating rhoo cells (7, 11, unpublished
ata).

CKNOWLEDGMENTS

This work was supported by National Institutes of Health Grants
S03760, ES03819 and ES08078, and CAAT and a pilot grant from

he Johns Hopkins Oncology Center.

EFERENCES

1. Greenlee, L., Fridovich, I., and Handler, P. (1962) Biochemistry
1, 779–783.

2. Trush, M. A., Wilson, M. E., and Van Dyke, K. (1978) Methods
Enzymol. 57, 462–494.

3. Allen, R. C. (1986) Methods Enzymol. 133, 449–493.
4. Storch, J., and Ferber, E. (1988) Anal. Biochem. 169, 262–267.
5. Twerdok, L. E., Mosebrook, D. R., and Trush, M. A. (1992)

Toxicol. Appl. Pharmacol. 112, 266–272.
6. Mohazzab-H, K. M., Kaminski, P. M., and Wolin, M. S. (1994)

Am. J. Physiol. 266, H2568–H2572.
7. Rembish, S. J., and Trush, M. A. (1994) Free Radical Biol. Med.

17, 117–126.
8. Munzel, T., Kurz, S., Rajagopalan, S., Thoenes, M., Berrington,

W. R., Thompson, J. A., Freeman, B. A., and Harrison, D. G.
(1996) J. Clin. Invest. 98, 1465–1470.

9. Bhunia, A. K., Han, H., Snowden, A., and Chatterjee, S. (1997)
J. Biol. Chem. 272, 15642–15649.

0. Irani, K., Xia, Y., Zweier, J. L., Sollott, S. J., Der, C. J., Fearson,
E. R., Sundaresan, M., Finkel, T., and Goldschmidt-Clermont,
P. J. (1997) Science 275, 1649–1652.

1. Li, Y., Zhu, H., Kuppusamy, P., Roubaud, V., Zweier, J. L., and
Trush, M. A. (1998) J. Biol. Chem. 273, 2015–2023.

2. Freeman, B. A., and Crapo, J. D. (1982) Lab. Invest. 47, 412–426.
3. Shigenaga, M. K., Hagen, T. M., and Ames, B. N. (1994) Proc.

Natl. Acad. Sci. USA 91, 10771–10778.
4. Li, Y., Zhu, H., Stansbury, K. H., and Trush, M. A. (1997) in

Oxygen Radicals and the Disease Process (Thomas, C. E., and
Kalyanaraman, B., Eds.), pp. 237–277, Harwood Academic Pub-
lishers, Amsterdam.
87
6. Simonian, N. A., and Coyle, J. T. (1996) Annu. Rev. Pharmacol.
Toxicol. 36, 83–106.

7. Melov, S., Schneider, J. A., Day, B. J., Hinerfeld, D., Coskun, P.,
Mirra, S. S., Crapo, J. D., and Wallace, D. C. (1998) Nature
Genetics 18, 159–163.

8. St. Clair, D. K. (1996) Oncology Reports 3, 429–432.
9. Ambrosio, G., Zweier, J. L., Duilio, C., Kuppusamy, P., Santoro,

G., Elia, P. P., Tritto, I., Cirillo, P., Condorelli, M., Chiariello, M.,
and Flaherty, J. T. (1993) J. Biol. Chem. 268, 18532–18541.

0. Quillet-Mary, A., Jaffrezou, J-P., Mansat, V., Bordier, C., Nava,
J., and Laurent, G. (1997) J. Biol. Chem. 272, 21388–21395.

1. Esterline, R. L., and Trush, M. A. (1989) Biochem. Biophys. Res.
Commun. 159, 584–591.

2. Rickwood, D., Wilson, M. T., and Darley-Usmar, V. M. (1987) in
Mitochondria: A Practical Approach (Darley-Usmar, V. M., Rick-
wood, D., and Wilson, M. T., Eds.), pp. 1–16, IRL Press, Oxford.

3. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254.
4. Pedersen, P. L., Greenawalt, J. W., Reynafarje, B., Hullihen, J.,

Decker, G. L., Soper, J. W., and Bustamente, E. (1978) in Meth-
ods in Cell Biology (Prescott, D. M., Ed.), Vol. 20, pp. 411–481,
Academic Press, New York.

5. Boveris, A. (1984) Methods Enzymol. 105, 429–435.
6. Loschen, G., and Flohe, L. (1971) FEBS Lett. 18, 261–264.
7. Kwong, L. K., and Sohal, R. S. (1998) Arch. Biochem. Biophys.

350, 118–126.
8. Krishna, M., Russo, A., Mitchell, J. B., Goldstein, S., Dafni, H.,

and Sauni, A. (1996) J. Biol. Chem. 271, 26026–26031.
9. Faulkner, K. M., Liochev, S. I., and Fridovich, I. (1994) J. Biol.

Chem. 269, 23471–23476.
0. Skulachev, V. P. (1998) Biochim. Biophys. Acta 1363, 100–124.
1. Liochev, S. I., and Fridovich, I. (1997) Arch. Biophys. Biochem.

337, 115–120.
2. Tyler, D. (Ed.) (1992) The Mitochondrion in Health and Disease,

UCH Publishers, Inc., New York.
3. Johnson, L. V., Walsh, M. L., Bockus, B. J., and Chen, L. B.

(1981) J. Cell Biol. 88, 526–535.
4. Li, Y., Zhu, H., and Trush, M. A. (1999) Biochim. Biophys. Acta

1428, 1–12.
5. Von Jagon, G., and Engel, W. D. (1981) FEBS Lett. 136, 19–24.
6. Totter, J. R. (1964) Photochem. Photobiol. 3, 231–241.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG.6
	FIG. 7
	FIG. 8
	FIG. 9

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

