Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11

For personal use only.

Free Radical Research, April 2006; 40(4): 369-378 (] Tyior & Fraricis

Mitochondria produce reactive nitrogen species via an
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Abstract

We measured the contribution of mitochondrial nitric oxide synthase (mtNOS) and respiratory chain enzymes to reactive
nitrogen species (RNS) production. Diaminofluorescein (DAF) was applied for the assessment of RNS production in isolated
mouse brain, heart and liver mitochondria and also in a cultured neuroblastoma cell line by confocal microscopy and flow
cytometry. Mitochondria produced RNS, which was inhibited by catalysts of peroxynitrite decomposition but not by nitric
oxide (NO) synthase inhibitors. Disrupting the organelles or withdrawing respiratory substrates markedly reduced RNS
production. Inhibition of complex I abolished the DAF signal, which was restored by complex II substrates. Inhibition of the
respiratory complexes downstream from the ubiquinone/ubiquinol cycle or dissipating the proton gradient had no effect on
DAF fluorescence. We conclude that mitochondria from brain, heart and liver are capable of significant RNS production via
the respiratory chain rather than through an arginine-dependent mtNOS.
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Abbreviations: 3-NPA, 3-nitropropionic acid; DAF2-DA, 4,5-diaminofluorescein diacetate; DAF-FM, 4-amino-5-
methylamino—2'7'-difluorofluorescein; DMEM, Dulbecco’s Modified Eagles Medium; DMSO, dimethyl-sulfoxide; eNOS,
endothelial nitric oxide synthase; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; FeTPPS, 5,10,15,20-tetrakis
(4-sulfonatophenyl) porphyrinato iron (I1I) chloride; FP15, tetrakis 2-triethylene glycol monomethyl ether (pyridil porphyrin
(2-T(PEG3)PyP); iNOS, inducible nitric oxide synthase; L-NAME, L-nitroarginine-methyl-esther; L-N-monomethylarginine,
L-N-methylarginine; mtNOS, mitochondrial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; NO, nitric oxide

Introduction

It is well known that nitric oxide (NO) has several
targets within the mitochondrion. It inhibits mito-
chondrial respiration through binding to respiratory
chain enzymes, modulates mitochondrial ATP depen-
dent Kt channels, regulates the maturation of the
organelle and it is metabolized by cytochrome c

oxidase [1—4]. Thus, it is an intriguing concept that
mitochondria themselves can produce NO in physio-
logically relevant concentrations.

The existence of a distinct mitochondrial nitric
oxide synthase enzyme (mtNOS) is much debated
[5-8]. The initial finding of mitochondrial NADPH
diaphorase activity in basilar arteries, a marker of NO
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synthesis, was followed by several reports which
suggested the presence of various NOS isoforms and
also NO production within mitochondria [9-15].
However, some of these early observations were not
reproducible by other laboratories and the question of
the existence of mtNOS cannot be conclusively
answered at this time [6,16—18].

We and other laboratories consistently observed that
NO-sensitive fluorescent probes display distinct mito-
chondrial signals in various preparations [16,19-23].
Probes such as the diaminofluoresceins DAF-2 or
DAF-FM were designed for fluorescent measurement
of NO production [24]. These dyes react with NO to
form a benzotriazole product, which results in more
than a 100 fold fluorescence increase. Diaminofluor-
esceins have been widely used for monitoring NO
production in various experimental settings both
in vitro and in vivo [25-27]. Based on the prominent
DAF fluorescence signals in mitochondria, it seems
that mitochondria produce high amounts of NO.
However, this is in sharp contrast to the generally very
low or nonexistent NOS activity of the mitochondria,
or the lack of reports that show such a rather high NO
release from the organelles measured with other than
the fluorescent methods [16—18]. Moreover, it was
shown that DAF-2 is sensitive to peroxynitrite [28].
Since mitochondria are major sources of superoxide,
diffusing NO of any source may find its reaction partner
to form peroxynitrite that in turn yields the fluorescent
DAF-product. Indeed, recent studies from our
laboratory and that of others have shown that the
DAF fluorescence is significantly higher when other
oxidants, such as superoxide or ONOQO  are present
[16,28—30]. Therefore, we hypothesized that the
fluorescent conversion of DAF in mitochondria is not
primarily due to the high amounts of NO produced by
mtNOS, but rather a result of the dye’s interaction with
other nitrogen species. To investigate this hypothesis
we first tested if a NOS-dependent arginine-to-citrul-
line conversion pathway contributes to the mitochon-
drial DAF fluorescence. Then, we assessed the
involvement of selected elements of the mitochondrial
respiratory chain in the generation of the fluorescent
DAF product. For this purpose we performed
experiments on isolated mouse brain, heart and liver
mitochondria and also on a human neuroblastoma
cell line.

Materials and methods

All procedures were approved by the local Animal
Care and Use Committee.

Mitochondria preparation

Mitochondria were prepared from halothane anesthe-
tized mouse brain, heart and liver using the
discontinuous Percoll gradient method as described

previously [12]. Six to ten week-old male wild-type
mice were used from the C57/BL6 strain (Jackson, Bar
Harbor, ME). The mitochondria preparation
obtained with this method had a high respiratory
ratio (4.94 £ 0.46). Purity testing by Western blotting
of mitochondrial and endoplasmic reticulum markers
(cytochrome c oxidase and calreticulin, respectively)
and electron micrographs were applied regularly to
maintain comparability of the results [16,17,31].

Fluorescent confocal microscopy

Freshly isolated mitochondria were dispersed in K-
buffer containing 125mM KCI, 2mM K,;HPO,,
5mM MgCl,, 10mM HEPES, 10 uM EGTA at pH
7.0 and plated on poly-D-lysine coated coverslips.
Mitochondria were energized by the addition of
malate (5mM) and K-glutamate (5mM). The
mitochondrial membrane potential sensitive dye
MitoFluorRed was used to label mitochondria
(1 wM, Molecular Probes, Eugene, OR; visualisation
at: excitation: 543 nm, emission: >560nm). RNS
production was measured by 4-amino-5-methyla-
mino-2/,7'-difluorofluorescein (DAF-FM, 7 pM,
Molecular Probes, Eugene, OR, visualisation at:
excitation: 488 nm, emission: 505-530nm) [16].
Both fluorophores were dissolved in dimethyl-sulf-
oxide (DMSO) as stock solutions and final DMSO
content in the preparations was 0.2%. Visualisation of
the used fluorochromes was achieved using a Zeiss
scanning confocal microscope (Axiovert 100M)
combined with transmission light microscopy (differ-
ential interference contrast optics, DIC). Background
fluorescence was below the detection limit.

Electron microscopy

Freshly isolated mitochondria samples were fixed for
3h in 4% paraformaldehyde/0.05% glutaraldehyde in
pH 7.4 phosphate buffer. The samples were
embedded in LLR-white, sectioned and collected on
uncoated nickel grids. The sections were stained with
osmium and observed and photographed using
standard electron microscopy procedures.

Flow cytomerry

Freshly isolated mitochondria were dispersed in K+
buffer containing mitochondrial substrates (see above,
mitochondrial suspension dilution: 1:100 v/v) and the
preparations were incubated for 20min at 37°C to
energize the mitochondria. Treatments were also
added to the preparations at the beginning of the
incubation. Following energization, DAF-FM
(7pwM) was added to the preparations and the
fluorescence was measured with flow cytometry.
Forward-scatter, side-scatter and green fluorescence
(FL1-H) were recorded by a BD-FacsCalibur flow
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cytometer from 100,000 events in each preparation.
Data were evaluated by the CellQuestPro software.
Special care was taken to keep the preparations and
the dyes in darkness throughout the experiment to
avoid photoactivation of the fluorescent probe [32].
Experiments were performed in parallel in brain, heart
and liver mitochondria and were reproduced at least
two times. Mitochondrial fluorescence was observed
under control conditions and in the presence of
ONOO "~ scavengers tetrakis 2-triethylene glycol
monomethyl ether (pyridil porphyrin (2-T(PEG3)-
PyP) (FP15, 100 pM, Inotek Corp, Beverly, MA)
[33,34] or 5,10,15,20-tetrakis (4-sulfonatophenyl)
porphyrinato iron (III) chloride (FeTPPS, 100 uM;
Calbiochem, San Diego, CA). The contribution of the
hypothetical mtNOS to the NO production detected
by DAF was tested by supplementation of the K
buffer with L-arginine (1 mM) and Ca®*" (1 uM) in the
absence of EGTA, or in the presence or absence of the
NOS inhibitor L-nitroarginine-methyl-esther
(L-NAME, 1 mM) or L-N-methylarginine
(L-NMMA, 1mM). The following treatments and
their combinations were used to test the involvement of
the mitochondrial respiratory chain: the complex
I blocker rotenone (10wM) in the absence of
mitochondrial substrates malate and glutamate or in
the presence of K-succinate (5mM); the succinate
dehydrogenase (complex II) inhibitor 3-nitropropionic
acid (3-NPA, 100 uM); the complex III inhibitor
myxothiazole (10 wM), the complex IV inhibitor
KCN (100 uM) and the protonophore carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP, 10 uM). FCCP was dissolved in ethanol
and the final ethanol content in the preparation was
1%. All other drugs were dissolved in H,O and diluted
to the final concentration with K' buffer. Each
compound was purchased from Sigma (St Louis, MO)
unless otherwise stated.

Electron paramagnetic resonance (EPR) measurements

Mouse heart mitochondria were suspended in a buffer
containing 105 mM KCI, 20 mM TRIS-HCI, 1 mM
diethylenetriaminepentaacetic acid, 4 mM KH,POy,,
and 1 mg/ml fatty acid-free bovine serum albumin (pH
7.4, 25°C). The final concentration of mitochondria
was 0.5 mg of mitochondrial protein/ml. The mito-
chondria were stimulated by the addition of 10 mM
succinate. The rate of ROS—RNS generation in heart
mitochondria was detected in the presence of 250 pM
of 1-hydroxy-3-carboxypyrrolidine (CPH) (Noxygen
GmbH, Germany) as described previously [35].
Mitochondria were incubated for 20min at
22 + 1.5°C. The diffusion of oxygen was facilitated
using a shaking table to provide gentle mixing of the
mitochondrial suspension with air. Following incu-
bation, the samples were placed in glass capillars and
EPR spectra were recorded with an X-band MiniScope
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200 EPR spectrometer, (Magnettech Ltd, Berlin,
Germany). The general settings were: modulation
frequency 100 kHz, modulation amplitude 2.5 G; gain
700, power 5mW. Upon reaction with ROS or RNS
CP-H is transformed into a stable CP’ radical
(3-carboxy-proxyl). Therefore, standard solutions of
3-CP were used to construct a calibration curve.

Cell culture

All cell culture chemicals were purchased from
Gibco/Invitrogen, Karlsruhe, Germany. Human neu-
roblastoma cells (SH-SY5Y, DMSMZ, Germany,
ACC-No. 209) were grown in Dulbecco’s Modified
Eagles Medium (DMEM, supplemented with 20%
fetal calf serum, 1% L-glutamine and 0.1% penicillin/
streptomycine mixture). The cells were harvested and
seeded at a density of 1 X 10° on 22mm-glass
coverslips coated with poly-D-lysine that were placed
in six-well plates. After two days in witro, the
subconfluent cells were loaded with 7puM 4,5-
diaminofluorescein diacetate (DAF2-DA, Molecular
Probes, Eugene, OR) and MitoTrackerCMTMRos
(0.5 wM, Molecular Probes, Eugene, OR) in the
medium simultaneousely for 30min. DAF-2-DA,
7uwM, was used for loading in cell cultures and
DAF-FM in isolated mitochondria preparations, since
the latter lack the necessary esterase activity to cleave
the diacetate from DAF-DA to yield the free probe
DAF-2. In organelle-free solutions, both DAF-2 and
DAF-FM showed similar sensitivity to various NO
donors (not shown). Therefore, we use the acronym
DAF fluorescence for both DAF-2 and DAF-FM
fluorescence throughout the manuscript.

Subsequently to the cell loading, the coverslips were
mounted into an Attofluor (Molecular Probes,
Leiden, Netherlands) perfusion chamber and inserted
in the heated stage of a confocal microscope (37°C,
Zeiss LSM Pascal on an Axiovert 100M, Gottingen,
Germany). After washing the cultures with HBSS
(in g/l: NaCl 8.006; KC10.373; CaCl, 0.205; glucose
0,991; Hepes 4.76; KH,PO, 0.081; K,HPO,
0.01045; NaHCO 0.840; MgCl, 0.182; pH 7.4 at
37°C) the fluorescence was recorded using a 63 X
PlanApochromat lens (DAF: excitation at 488 nm,
emission at 505-530 nm; MitoTrackerRed: excitation
543 nm, emission at >560nm). The images were
obtained in the multitracking mode to avoid the
overlap of the emission curves. Images were merged
using the Zeiss LSM software.

Results
Localizarion of DAF-fluorescence to mitochondria

Using isolated mitochondria we observed a strong
DAF fluorescence in confocal microscopic images
(Figure 1). Interestingly, the intensity of fluorescence
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Figure 1. Mitochondrial localization of DAF fluorescence.
Isolated respiring heart mitochondria were co-loaded with DAF-
FM and MitoTrackerRed for 5min and visualized by confocal
microscopy. Panel A shows the MitoTrackerRed fluorescence. Note
that the organelle has taken up the membrane potential sensitive
dye, indicating intact respiration. Panel B shows that the green
fluorescent DAF-FM is accumulated within a mitochondrion. Panel
C shows the merged image, while Panel D is an image in transmitted
light (DIC mode).

varied greatly among individual mitochondria even
within the same preparation. To achieve consistent
results, the subsequent experiments were conducted by
flow cytometry, which allowed the quantitation of the
fluorescence values of thousands of mitochondria from
the same preparation. Each experiment was repeated at
least two times, and variations among different
preparations were minimal. Isolated mitochondria
were depicted in a side-scatter—forward-scatter plot.

The autofluorescence of the mitochondrial flavopro-
teins was two orders of magnitude below that of
mitochondria loaded with DAF (3 = 4 vs 203 = 196;
Figure 2).

Comparisons between mitochondria obtained from tissues
of different organs

Each experiment was performed in brain, heart and
liver mitochondria preparations to investigate possible
tissue-specific differences in mitochondrial RNS
production. As seen in Figure 3, the side- and
forward-scatter data from flow cytometry varies
among the three regions; most notably the liver data
extend to higher values than those of the heart or
brain. Electron micrographs showed liver mitochon-
dria to be round with a rosetta-like shape, while heart
mitochondria are larger with very tight parallel cristae.
Brain mitochondria were the most variable in size and
shape with both elongated and round forms. However,
the DAF fluorescence levels in the flow cytometry
analysis were very similar in mitochondria of all three
regions under baseline conditions. Also, in the
presence of the various applied treatments the
responses did not differ among mitochondria obtained
from different tissues. Therefore, only data from heart
mitochondria are shown below to avoid redundant
figures. Comparisons were made only between
preparations from the same animal and the same
region and not between different experiments to
exclude interpreparation variability.

Lack of contribution from the arginine-to-citrulline
pathway to the mitochondrial DAF fluorescence

Isolated respiring mitochondria showed a similarly
strong DAF fluorescence regardless of the presence or
absence of the NOS substrate L-arginine or modu-
lation of Ca®" levels, the obligatory cofactor of NOS
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Figure 2. Investigation of isolated mitochondria with flow cytometry. Panel A shows the scatterplot of 6 pm fluorescein labeled beads in
mitochondria-free buffer. As seen in Panel B, the majority of isolated heart mitochondria fall between the scatter plot coordinates of the beads
and the buffer noise on Panel A. Panel C shows a fluorescence histogram of mitochondria in the absence and presence of DAF-FM to indicate
background fluorescence. Autofluorescence of the mitochondrial flavoproteins was two orders of magnitude lower than the DAF fluorescence.
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Figure 3. Comparative morphology and flow cytometric assessment of DAF-loaded mitochondria obtained from different tissues. The top
row shows representative electron microscopic images of mitochondria isolated from mouse brain, heart and liver. Marked differences in size,
shape and cristae formation can be observed among the regions and also within preparations. The middle row shows forward scatter-side
scatter (FSC-H-SSC-H) plots of mitochondria recorded with flow cytometry. While brain and heart mitochondria have similar light scatter
values, liver preparations are typically more spread out on the scatterplot, probably due to the tendency of liver mitochondria to stick together.
The lower row shows DAF fluorescence histograms of the same preparations. Despite the apparent differences in morphology and light
scatter, the different organ mitochondria have a similar DAF fluorescence profile.

(Figure 4). Blockade of a potentially mitochondrial-
localized NOS by the competitive inhibitors L-NAME
and L-NMMA failed to reduce mitochondrial DAF
fluorescence (Figure 4). Prolonged iz vivo application
of L-NAME in the drinking water of the animals
(10 mg/ml for 3 days) and supplementation of the
mitochondria isolation buffers with L-NAME also
failed to inhibit DAF fluorescence, making it very
unlikely that the hypothetical mtNOS is responsible
for the RNS production (Figure 4).

Addition of ONOO  decomposition catalysts
FeTPPS or FP15 to the mitochondria markedly
decreased the fluorescence. Application of an SOD

mimetic (M40401) or catalase or the coapplication of
both failed to affect the fluorescent signal, indicating
that the DAF-FM fluorescence in mitochondria is not
due to superoxide or hydrogen-peroxide but rather
dependent on a nitrogen species such as ONOO .
These experiments confirmed that mitochondria
produce RNS independently from the L-arginine—
NOS pathway or reactive oxygen species.
Mitochondrial RNS production was also evaluated
by the application of the spin trap CPH followed by
electron spin resonance measurements. As seen on
Figure 5, respiring mitochondria produced a signifi-
cant amount of reactive species as shown using spin
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Figure 4. The role of reactive oxygen and nitrogen species in the generation of DAF fluorescence. Control measurements were performed
under conditions favorable for NOS activity, i.e. supplementation of the K buffer with L-arginine (1 mM) and Ca®"(1 pM) and the omission
of EGTA. The pharmacological substances were added to the heart mitochondria preparations before they were incubated with DAF. Panels
A, B and C show that the NOS inhibitors L-NAME and L-NMMA in the absence of arginine and Ca*" fail to prevent the occurrence of the
mitochondrial DAF fluorescence signal. In case of L-NAME, even prolonged application for three days in the drinking water (Panel B,
“chronic L-NAME”) did not result in a reduced DAF signal. Panels D and E show that the presence of the ONOO decomposition catalysts
FeTPPS and FP15 markedly inhibit DAF fluorescence. In contrast, Panel F shows that coapplication of an SOD mimetic (MK40401) and

catalase does not affect the RNS production.

trapping technique. The generation of reactive
species observed in this experiment was not sensitive
to NO synthase inhibitors, complementing the data
gathered by DAF fluorescence. Since the presence of
SOD mimetics or ONOO™~ decomposition catalysts
in the reaction mixture interferes with the ESR
measurements, the following experiments were
carried out by flow cytometric quantitation of DAF
fluorescence.

The involvement of the respiratory chain in mitochondrial
RNS production

Mitochondrial DAF fluorescence was markedly
inhibited when the organelles were denatured by
three cycles of freezing and thawing or heating the
preparations to 95°C for 5 min prior to the measure-
ments (Figure 6). Similarly, DAF fluorescence was
reduced when mitochondrial respiration was blocked
by the application of rotenone or when respiratory

1000
5 | —
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E
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L
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Figure 5. Measurement of mitochondrial reactive species

production by EPR. Calibration data were obtained in
mitochondria-free buffers containing increasing concentrations of
the probe 3-CP. Live respiring heart mitochondria produced
significant amounts of reactive species, which was not inhibitable by
the presence of the NOS inhibitor L-NA.

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11

For personal use only.

RNS production by mitochondria 375
A B C
[=]
§ heat ¥ § no substrate
denatured control freeze- control control
thawed
(=]
o B 2 &7 @
£ 5 5
g E 3 8
g 2]
e S
24 M, 8
J
!
f
|
o T N e T T T
100 101 102 10? 10* 10° 0! 102 103 104 10% 10*
FL1-H FL1-H
D E F
2 g
=4 " control =+ rotenone trol
- N
rotenone +succinate contro control
H 2 2
o 1
u » B w3
E 2 z
2 3 3
5] o o
2] 2
2 Q
g &1 g
o e o = r . . o o
100 101 102 10? 10* 100 10! 102 10° 10t 100 101 102 108 104
FL1-H FL1-H FL1-H
G H |
E 2
o
control control = control
¥ g
myxothiazole 4
=4 o
« 3 a® a
£ £ g
3 3 2
a 3] =
o
& g
s o >
= g
' s a iy
. 0 R PO « ob T
109 10! 102 10? 10* 100 10! 102 10° 10% 10 10
FL1-H FL1-H FL1-H
Figure 6. The role of the respiratory chain in generation of heart mitochondrial DAF fluorescence. The pharmacological substances were

added to the preparations before addition of the fluorescent probe. Panels A and B show that deenergizing the mitochondria by physical
disruption (boiling for 5 min at 95°C or three cycles of freezing and thawing) prevents the fluorescent conversion of DAF. Similar results can be
obtained when the mitochondria do not receive any respiratory substrates (omission of malate and glutamate, Panel C) or when respiration is
blocked by rotenone (Panel D). Panel E shows that respiration through complex I in the presence of glutamate and malate (control, Panel E) is
equally effective as respiration through complex I in the presence of rotenone and succinate (Panel E). Panel F shows that the application of the
succinate dehydrogenase inhibitor 3-NPA in the presence of glutamate and malate fails to decrease the fluorescence. Disrupting the
transmembrane proton gradient by FCCP or inhibiting cytochrome ¢ oxidase by KCN also leaves RNS production unaffected (Panels H and I).
However, myxothiazole, an inhibitor of the ubiquinone oxidation site of complex III slightly increases DAF fluorescence (Panel G).

substrates malate and glutamate (5 mM each) were
not supplemented in the medium (Figure 6). Inhi-
bition of complex II by 3-NPA (100 uM) in the
presence of complex I substrates malate and gluta-
mate, or mitochondria respiring on succinate in the
presence of the complex I inhibitor rotenone (5 mM and
10 wM, respectively) had similar fluorescence values,
indicating that either complex I or complex II can

supply electrons for the reaction (Figure 6). Inhibition
of the ubiquinone oxidation site of complex III with
myxothiazole (10 wM) slightly increased the fluor-
escence, supporting that the ubiquinone pool is
necessary for the reaction (Figure 6). Inhibition of
complex IV by cyanide (100 wM) or collapsing the
proton gradient by FCCP (10 M) had no effect on
RNS production (Figure 6).
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Live cell imaging of DAF and MitoTracker fluorescence

We extended our investigations to live cells in order to
exclude the possibility of preparation artifacts, which
may arise in the artificial environment of isolated
respiring mitochondria. Neuroblastoma SH5Y-5Y
cells were imaged by confocal microscopy in a similar
manner to that applied to isolated mitochondria. We
observed a strong DAF fluorescence, which was
completely co-localized with the mitotracker signal
(Figure 7). DAF fluorescence was also prominent in
the presence of the NOS inhibitor L-NAME or the
protonophore FCCP (Figure 7), confirming the
results obtained from isolated mitochondria.

Discussion

The main observation of the present study is that
mitochondria produce RNS independently from the
classical arginine-to-citrulline conversion pathway.
The exact site of RNS production remains unknown,
although electron transfer in the ubiquinone cycle of
the respiratory chain is an obligatory step in the
reaction. Such mitochondrial RNS production can be
observed in all tested tissue types and, therefore, may
be a common feature of all mitochondria.

DAF-2 mitotracker overlay

L-Arg

FCCP

Figure 7. DAF-2 fluorescence in mitochondria of living
neuroblastoma cells is independent of arginine or the
mitochondrial proton gradient. Shown are representative images
of neuroblastoma cells loaded with DAF-2-DA and
MitoTrackerRed. The «cells were first loaded with
MitoTrackerCMTMRos for 30min to label mitochondria.
Subsequently, the medium was supplemented with either
L-arginine (100 pM, L-Arg), L-NAME (200 p.M) or FCCP (3pM)
and all cultures were then incubated with DAF for 30 min. A distinct
fluorescence of DAF was observed in the L-Arg treated cells that
colocalized with the mitotracker signal. Neither L-NAME nor
FCCP prevented the occurrence of mitochondrial DAF
fluorescence.

These observations add a new aspect to the
speculation regarding the existence of a mitochondrial
RNS source by demonstrating an alternative pathway
to the previously suggested mitochondrial NOS
isoform [15,36]. In earlier studies, we and other
laboratories investigated mitochondrial NO pro-
duction with methods that were optimized for
assessing the known NOS isoforms, such as measuring
enzyme activity by the arginine to citrulline conversion
assay or immunodetection of the enzyme protein with
anti-NOS antibodies [11,12,36—39]. In some cases
these methods yielded a very low signal, and concerns
regarding the purity of the preparations added to the
difficulty of interpreting the data. Recent studies
described that the endothelial isoform of NOS can
selectively bind to the outer mitochondrial membrane,
which may account for the divergent data described in
earlier studies to some degree [40,41].

In the present investigation, we focused on
mitochondrial RNS production, which can be mon-
itored using fluorescent probes. Several groups have
found that the fluorescent DAF product accumulates
in mitochondria of various origins [16,19—-23]. We also
showed that such DAF fluorescence is unaffected by
the genetic disruption of nNOS, eNOS or iNOS,
making it unlikely that NO produced by any of the
known NOS isoforms contributes to the fluorogenic
reaction [16,17]. Moreover, in the present paper, we
show that mitochondrial DAF fluorescence cannot be
reduced even by rather high concentrations or
prolonged application of NOS blockers (1 mM
L-NAME or L-NMMA, up to 3 days prior to the
experiments in the drinking water of the animals).
Withdrawal of L-arginine and Ca™ ™ also failed to
decrease DAF fluorescence in mitochondrial prep-
arations, further supporting the idea that no arginine-
dependent NOS is involved in the reaction.

The question arises whether it is possible that
mitochondrial superoxide or other species react with
the probe. The specificity of DAF to NO was
extensively tested under iz vitro conditions and it was
shown that oxygen radicals alone are not capable of
transforming the dyes into the fluorescent triazole
products [24,42]. However, several investigators found
that in living preparations, where a mixture of oxidants
is present, DAF yields a much higher signal than NO
can account for [16,28-30]. In the present study, we
show that an coapplication of catalase and an SOD
mimetic failed to alter the strong DAF signal in isolated
mitochondria. However, two different ONOO
decomposition catalysts (FP15 and FeTPPS) pre-
vented DAF fluorescence, narrowing down the
possible reactants with the probe to ONOO . Nohl
et al. suggest a pathway that may also lead from nitrite
directly to ONOO  [43]. Therefore, one may consider
that the DAF fluorescence reflects RNS production in
general, most possibly that of ONOO ™~ or one of its
metabolites. Other methods, such as the hemoglobin
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oxidation assay were also used for the quantitation of
NO in mitochondria, however, this technique was
shown to react with other N, O species just as the
fluorescent probe used in the present study [44]. In any
case, if within the vicinity of mitochondria any source of
NO exists then part of such NO will diffuse into
mitochondria and immediately form ONOO ~ through
the reaction with superoxide. This may account for the
selective labeling of mitochondria by DAF
fluorescence.

The integrity of the mitochondrion relies on the
action of the respiratory chain, which produces ATP,
utilizes O, and maintains the transmembrane electro-
chemical gradient. Denaturating the mitochondria by
physically disrupting the organelle by heat or repeated
freeze-thaw cycles successfully prevented DAF fluor-
escence. Inhibiting respiration by the lack of substrate
has an effect similar to denaturing the organelles.
Selective blockade of complex I inhibits mitochondrial
RNS production, which can be reversed by the addition
of succinate, a complex II substrate. Conversely,
inhibition of complex II in the presence of complex I
substrates fails to prevent RNS production. Blocking
the respiratory chain downstream of the ubiquinone
pool did not affect DAF fluorescence. Myxothiazole,
which inhibits the ubiquinone oxidation site of
complex IIT even increases the mean DAF fluorescence
to some extent, supporting the idea that the ubiquinone
pool is necessary for RNS production. Unexpectedly,
even the disruption of the membrane potential by the
protonophore FCCP leaves mitochondrial DAF
fluorescence intact in both isolated mitochondria as
well as in the whole cell approach. Summarizing the
experiments with respiratory chain inhibitors it is clear
that electron transport through complexes I and II to
the ubiquinone cycle is necessary for RNS production,
however, the lack of a proton gradient or ATP
production does not affect it.

We conclude that mitochondria from brain, heart
and liver tissues generate RNS to a similar extent via a
mechanism independent from the arginine-to-citrul-
line conversion pathway. In other words, mitochon-
dria act like nonspecific NO donors such as
nitroprusside. What can be the source of NO and
RNS in the mitochondrion? For example, it is possible
that mitochondria take up NO from other sources and
store it in the form of nitrosothiols. Such nitrosothiols
can be found in mitochondria and act as NO donors
[45]. Alternatively, mitochondria can convert organic
nitrates into biologically active nitrogen species as was
described previously [46,47]. Yet another possibility is
that mitochondria convert nitrate to NO [9,43]. The
production or the release of RNS from mitochondria
can be blocked by inhibiting electron flow through the
ubiquinone cycle. These results can be explained in
three ways: RNS production responds to (1) electron
flow itself, (2) an increase of reactive oxygen species
(ROS) or (3) the redox state of the respiratory chain
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(especially ubiquinones). Among these three possibi-
lities, an influence of electron flow seems to be
unlikely, because such flow should have stopped in all
cases. Involvement of ROS also seems to be a remote
possibility, since KCN is known to produce very little
ROS. Therefore, the redox state of the respiratory
chain (especially ubiquinones) might be the most
feasible explanation.
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