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Mitochondrial complex I has previously been shown to release superoxide exclusively towards the mito-
chondrial matrix, whereas complex Il releases superoxide to both the matrix and the cytosol. Superoxide
produced at complex III has been shown to exit the mitochondria through voltage dependent anion chan-
nels (VDAC). To test whether complex I-derived, mitochondrial matrix-directed superoxide can be

’<3¥W0Td5~' ) released to the cytosol, we measured superoxide generation in mitochondria isolated from wild type
’SV“tOChOF:jd”a and from mice genetically altered to be deficient in MnSOD activity (TniFastCreSod2™"). Under experi-
uperoxide

mental conditions that produce superoxide primarily by complex I (glutamate/malate plus rotenone,
GM +R), MnSOD-deficient mitochondria release ~4-fold more superoxide than mitochondria isolated
from wild type mice. Exogenous CuZnSOD completely abolished the EPR-derived GM + R signal in mito-
chondria isolated from both genotypes, evidence that confirms mitochondrial superoxide release. Addi-
tion of the VDAC inhibitor DIDS significantly reduced mitochondrial superoxide release (~75%) in
mitochondria from either genotype respiring on GM + R. Conversely, inhibition of potential inner mem-
brane sites of superoxide exit, including the matrix face of the mitochondrial permeability transition pore
and the inner membrane anion channel did not reduce mitochondrial superoxide release in the presence
of GM + R in mitochondria isolated from either genotype. These data support the concept that complex
[-derived mitochondrial superoxide release does indeed occur and that the majority of this release occurs
through VDACs.

Voltage dependent anion channels

© 2012 Elsevier Inc. All rights reserved.

1. Introduction matrix-derived superoxide could escape these scavenging enzymes

and exit from the mitochondria.

Electron transport chain respiratory complex I and complex III
have been proposed to be the main sites of mitochondrial superoxide
production[1]. At complex ], superoxide radicals have been shown to
be directed exclusively toward the mitochondrial matrix [2,3], while
at complex Il superoxide is released to both the matrix and the inter-
membrane space (IMS) [1,3,4]. Because superoxide is negatively
charged it is regarded to be essentially membrane impermeable
and unlikely to cross the inner mitochondrial membrane into the
IMS. Thus, superoxide in the IMS is thought to be exclusively derived
from complex III. Furthermore, superoxide released towards the ma-
trix is rapidly converted to hydrogen peroxide by MnSOD, and in the
IMS by CuZnSOD [5-7]. Together these barriers make it unlikely that
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In support of this, we previously showed that CuZnSOD added
to buffer containing mitochondria and GM + R does not increase
the rate of mitochondrial H,O, production [3]. This suggests that
rotenone-inhibited complex I does not directly release superoxide
towards the cytosol, as superoxide released from the mitochondria
would be scavenged by the exogenously added CuZnSOD and
converted to H;0,. In contrast, mitochondrial H,O, production
detected outside the mitochondria is 3-fold or more elevated in re-
sponse to GM + R when compared to GM alone, suggesting that the
elevated complex I-derived superoxide generated in response to
rotenone is converted in the matrix by MnSOD to H,0,, which dif-
fuses readily and is detected outside the mitochondria [3]. How-
ever, in situations where MnSOD is limited, the potential release
of complex I-derived superoxide from the mitochondria has not
been investigated.

Superoxide produced by the Q, site of complex IIl has previ-
ously been shown to be released toward the cytosol through volt-


http://dx.doi.org/10.1016/j.bbrc.2012.05.055
mailto:vanremmen@uthscsa.edu
http://dx.doi.org/10.1016/j.bbrc.2012.05.055
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

516 M.S. Lustgarten et al./Biochemical and Biophysical Research Communications 422 (2012) 515-521

age dependent anion channels (VDAC) [8]. VDAC is localized at
contact sites [9] that connect the outer and inner mitochondrial
membranes [10] and, is strongly bound to the mitochondrial inner
membrane [11]. VDAC functions as the major channel allowing
passage of low molecular weight solutes and proteins between
the intermembrane space and cytoplasm, and is more selective
for the passage of anions (superoxide is negatively charged) than
cations [12,13]. In addition, the combination of VDAC, cyclophilin
D and the adenine nucleotide translocase and have been proposed
to form the mitochondrial permeability transition pore (mPTP)
[14] that spans across both the mitochondrial outer and inner
mitochondrial membranes. Because VDAC is a component of the
mPTP, the mPTP is a potential route for exit of superoxide from
the mitochondrial matrix. Superoxide could also escape from the
mitochondrial matrix through the peripheral benzodiazepine
receptor (PBR) that is localized at contact junctions between the in-
ner and outer mitochondrial membranes [15]. The PBR has been
shown to copurify with VDAC [16]; furthermore, a functional inter-
action between the PBR and the mitochondrial inner membrane
anion channel (IMAC) has been suggested [17]. In the current
study, we asked whether complex I-derived mitochondrial
matrix-directed superoxide is released toward the cytosol and,
whether this release occurs through the VDACs, the mPTP, the
PBR or IMAC.

2. Materials and methods
2.1. Isolation of skeletal muscle mitochondria

Young adult (less than 15 months) TniFastCreSod2" and wild-
type (Sod2™") mice were used for all experiments. All procedures
were approved by the IACUC at the University of Texas Health
Science Center San Antonio and the Division of Research at Audie
L. Murphy VA Hospital. Mitochondria from combined white gas-
trocnemius and quadricep muscles (with red portions of these
muscles removed) were isolated from TnIFastCreSod2™ and wild-
type mice based on the method of King et al. [18] and as described
by Lustgarten et al. [19]. MnSOD activity has previously been
shown to be reduced by greater than 80% in mitochondrial prepa-
rations isolated from TnlFastCreSod2™", relative to mitochondria
isolated from wild type mice [19].

2.2. Measurement of mitochondrial superoxide release

The direct measurement of mitochondrial superoxide release
was obtained via electron paramagnetic resonance (EPR) with use
of the spin trap, 5-diisopropoxyphosphoryl-5-methyl-1-pyrroline-
N-oxide, (DIPPMPO). EPR measurements were performed using an
X-band MS200 spectrometer (Magnetech, Berlin, Germany), follow-
ing the methodology previously described by Lustgarten et al. [19].
Glutamate plus malate, (GM, 24 mM) was used to drive respiration
starting at complex I; succinate in the presence of rotenone (succi-
nate, 24 mM; rotenone, 2.4 uM, SR) was used to drive respiration
starting at complex II. The electron transport chain inhibitors
stigmatellin (1.8 M) and diphenyleneiodonium (DPI, 25 puM) were
added as indicated. DIDS (final concentration, 1 mM) cyclosporine A
(100 pM), PK11195 (45 uM), 5'-chlorodiazepam (45 pM) and CuZn-
SOD (1 U/pL) were added as indicated. EPR data are expressed as
RIU (Relative Intensity Units)/20 pg mitochondrial protein.

2.3. Statistics
Results were analyzed by one-way ANOVA with Newman Keul’s

post-hoc test and expressed as mean + SEM. Significance was
determined as p < 0.05.

3. Results

3.1. Complex I-derived, mitochondrial matrix-directed superoxide is
released towards the cytosol by both wild type and MnSOD-deficient
mitochondria

Mitochondria isolated from skeletal muscle in wild type mice
release superoxide that can be detected by EPR when respiring
on the complex I substrate, GM (Fig. 1A, left). To test whether
superoxide generated at complex I can be released from the mito-
chondria, we added the complex I-specific inhibitor rotenone (R)
[1] to wild-type mitochondria that respired on GM. The EPR-
detectable signal obtained from wild-type mitochondria utilizing
GM + R was not higher than the EPR signal found in the presence
of GM without rotenone (Fig. 1B, left compared with Fig. 1A, left).
These data suggest that the presence of MnSOD in wild type
mitochondria is sufficient to scavenge the increase in superoxide
production when complex I is inhibited by rotenone.

We have previously shown that MnSOD-deficient mitochon-
dria (TnIFastCreSod2") have decreased aconitase activity (sug-
gesting increased matrix superoxide) and release greater than
2-fold superoxide when respiring with either complex I or com-
plex IlI-linked substrate, compared to values measured in wild
type [19]. In the current study, we asked whether MnSOD-defi-
cient mitochondria would release a greater amount of complex
I-derived superoxide towards the cytosol than mitochondria con-
taining wild type levels of MnSOD. MnSOD-deficient mitochon-
dria respiring on GM +R release approximately 4.4-fold more
superoxide than wild type mitochondria that utilized GM +R
(Fig. 1B). In addition, superoxide release in the presence of
GM + R by MnSOD-deficient mitochondria was significantly ele-
vated by 78%, relative to the value obtained with GM (Fig. 1B,
right, compared with Fig. 1A, right).

To confirm the superoxide-specificity of the EPR-detectable
signal, we added the membrane impermeant CuZnSOD to mito-
chondria that respired in the presence of GM + R and found com-
plete abolition of the EPR-derived signal in mitochondria isolated
from both genotypes (Fig. 1C). These data provide evidence that
confirms complex I-derived, mitochondrial matrix directed super-
oxide is released from the mitochondria towards the cytosol.

To address the potential contribution of the flavin binding site
within complex I to the EPR-detectable signal found in the pres-
ence of GM +R, we added a flavin-specific inhibitor, DPI [20,21].
The EPR-detectable signal in wild-type mitochondria is reduced
by 19% in the presence of GM +R+DPI when compared with
GM +R; however, this value is not statistically significant
(Fig. 1D, left compared with Fig. 1B, left). In contrast, addition of
DPI to MnSOD-deficient mitochondria that utilized GM + R signif-
icantly reduced superoxide release by 24%, compared to the value
obtained with GM + R (Fig. 1D, right compared with Fig. 1B, right).
In addition, MnSOD-deficient mitochondria release 4.2-fold more
superoxide than wild type mitochondria in the presence of
GM + R + DPI (Fig. 1D). Furthermore, we find that the combination
of GM +R plus stigmatellin in either wild type or MnSOD-defi-
cient mitochondria did not produce an amount of superoxide that
was significantly different from the value obtained in the absence
of stigmatellin (Fig. 1E compared with Fig. 1B), suggesting that
stigmatellin does not inhibit superoxide production derived from
rotenone-inhibited complex I, in contrast to that previously re-
ported [22].

Collectively we find that under a variety of experimental con-
ditions (Fig. 1F), mitochondria isolated from wild-type mice re-
lease complex I-produced, mitochondria matrix-directed
superoxide towards the cytosol and, this effect is greater in mito-
chondria deficient in MnSOD.
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Fig. 1. Complex I-derived, mitochondrial matrix-directed superoxide is released towards the cytosol by both wild type and MnSOD-deficient mitochondria. (A)
Representative EPR spectra (n = 5) indicating mitochondrial superoxide release towards the cytosol when wild type (Left) and MnSOD-deficient mitochondria (TNI, Right)
mice utilize GM. (B) Mitochondrial superoxide release with GM and the complex I specific inhibitor, rotenone (GM +R, n = 7). (C) Mitochondrial superoxide release with
GM + R and CuZnSOD (n = 4). (D) Mitochondrial superoxide release with GM + R and an inhibitor specific for the flavin binding site of complex I, DPI (n = 4). (E) Mitochondrial
superoxide release with GM + R and stigmatellin (n = 4). (F) Quantification of mitochondrial superoxide release using the various substrate plus inhibitor combinations shown
in (A-E). Values shown represent the EPR intensity per 20 pg of mitochondrial protein, and are means + SEM. *Significant difference when compared with WT, for any given
substrate plus inhibitor combination; ®Significant difference compared with TNI GM; SSignificant difference compared with TNI GM + R.

3.2. Complex I-derived superoxide is released towards the cytosol
under conditions previously thought to produce superoxide exclusively
by complex Il

Superoxide production by mitochondria in the presence of SR is
thought to occur exclusively at complex IIl. However, during the
enzymatic conversion of succinate to fumarate, fumarate to ma-
late, and malate to oxaloacetate, NADH is produced when malate
is converted to oxaloacetate, via malate dehydrogenase. It is possi-
ble that oxidation of this NADH would increase production of
superoxide at complex I in the presence of SR. To test the hypoth-
esis that complex I produces and releases superoxide towards the
cytosol when mitochondria utilize SR, we added DPI. Addition of
DPI to wild-type mitochondria that utilized SR reduced mitochon-
drial superoxide release by 17%, but this value was not statistically
significant (Fig. 2B, left compared with Fig. 2A, left). In contrast,
addition of DPI to MnSOD-deficient mitochondria that utilized SR
significantly reduced mitochondrial superoxide release by 32%
when compared with the value obtained with SR (Fig. 2B, right
compared with Fig. 2A, right). These data indicate that this amount
of superoxide was formed at the flavin binding site of complex I in

the presence of SR, and confirms the ability of complex I to produce
and release superoxide towards the cytosol under experimental
conditions previously thought to drive electron flow exclusively
through complex II, Il and IV. Relative quantification of superoxide
release in the presence of SR or SR + DPI is shown for mitochondria
isolated from both genotypes in Fig. 2C.

3.3. Wild type and MnSOD-deficient mitochondria both release
complex I-derived superoxide through VDAC

The mitochondrial release of complex Ill-produced superoxide
towards the cytosol has previously been shown by Han et al. [8]
to occur through VDAC, which can be inhibited by DIDS [23]. To
determine if complex I produced, mitochondrial matrix-directed
superoxide exits the mitochondria through VDAC, we added DIDS
to mitochondria that utilized GM + R. DIDS addition under these
experimental conditions significantly reduced the EPR-derived
superoxide signal by 73% and 77% in wild type and MnSOD-defi-
cient mitochondria, respectively (Fig. 3B compared with Fig. 3A),
providing evidence that complex I-produced, mitochondrial ma-
trix-directed superoxide is released through VDAC's. It is also
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Fig. 2. Complex I-derived superoxide is released towards the cytosol under conditions previously thought to produce superoxide exclusively by complex IIl. (A)
Representative EPR spectra are shown when wild type (Left) and MnSOD-deficient mitochondria (TNI, Right) utilize SR (n = 7). (B) Mitochondrial superoxide release with SR
and DPI (n = 4). (C) Quantification of mitochondrial superoxide release in the presence/absence of DPI (A and B). Values shown represent the EPR intensity per 20 pg of
mitochondrial protein, and are means + SEM. Significant difference when compared with WT, for any given substrate plus inhibitor combination; ®Significant difference

compared with TNI SR.

important to note that superoxide release by MnSOD-deficient
mitochondria in the presence of GM + R and DIDS was ~3.7-fold
higher than the corresponding value found in wild type mitochon-
dria (Fig. 3B), suggesting non-VDAC sources of exit for superoxide
when the MnSOD concentration is reduced.

3.4. Complex I-derived, mitochondrial matrix-directed superoxide does
not exit the mitochondria through mPTP, PBR, or IMAC

The presence of VDAC as a component of the mPTP allows for
the possibility that mitochondrial matrix-localized superoxide ex-
its from the matrix towards the cytosol through this pore. To deter-
mine if the mitochondrial release of superoxide occurs through the
mPTP, we added cyclosporine A (CSA), an inhibitor that has been
shown to be specific for cyclophilin D [24]. No significant differ-
ence in superoxide release was found when using GM + R + CSA,
relative to the value found with GM + R in either MnSOD-deficient
or wild type mitochondria (Fig. 3C compared with Fig. 3A).

To test the hypothesis that mitochondrial matrix localized
superoxide exits the mitochondria by passing through IMAC or
PBR, we added either 4’-chlorodiazepam (CLD) or PK11195 in com-
bination with GM +R. PBR and IMAC can be inhibited by CLD
[25,26] or PK11195 [16,25]. No significant difference in superoxide
release was found in the presence of GM + R and either PK11195 or
CLD in mitochondria isolated from either genotype, relative to the
corresponding values found in the absence of these inhibitors
(Fig. 3D and Fig. 3E compared with Fig. 3A). Relative quantification
of superoxide release in the presence of GM + R and DIDS, CSA, CLD
or PK11195 is shown for mitochondria isolated from both geno-
types in Fig. 3F.

3.5. Complex IlI-linked mitochondrial superoxide release is elevated in
MnSOD-deficient mitochondria, but exits the mitochondria through
mPTP only in wild type

In a previous report we found that the rate of H,0, production
by MnSOD-deficient mitochondria is elevated ~5-fold in the

presence of SR plus an inhibitor specific for the Q; site of complex
I, antimycin A (SR + AA), when compared with the value found
in wild type mitochondria [19]. To determine whether MnSOD-
deficient mitochondria release a greater amount of superoxide rel-
ative to wild type when respiring with SR + AA, we measured mito-
chondrial superoxide release. Mitochondrial superoxide release by
MnSOD-deficient mitochondria was found to be ~2-fold greater
than the corresponding value found in wild type under these exper-
imental conditions (Fig. 4A).

DIDS has been previously been shown to reduce mitochondrial
superoxide release when wild type mitochondria are exposed to
antimycin A [8]. However, the role of the mPTP during complex
IlI-mediated superoxide production by isolated mitochondria had
yet to be studied. To test the hypothesis that complex Ill-linked
mitochondrial superoxide exits the mitochondria through the
mPTP, we added CSA to mitochondria that utilized SR + AA. Super-
oxide release was significantly decreased by ~68% in wild type
mitochondria in the presence of CSA and SR + AA, relative to the
value obtained with SR + AA (Fig. 4B, left compared with Fig. 4A,
left). However, addition of CSA to MnSOD-deficient mitochondria
that utilized SR + AA did not reduce superoxide release, relative
to the value obtained in the absence of CSA (Fig. 4B, right compared
with Fig. 4A, right). Furthermore, addition of inhibitors specific for
IMAC and PBR did not reduce superoxide release in the presence of
SR + AA in mitochondria isolated from either genotype (Fig. 4C and
Fig. 4D compared with Figure A). Relative quantification of super-
oxide release in the presence of SR + AA and CSA, CLD or PK11195
is shown for mitochondria isolated from both genotypes in Fig. 4E.

4. Discussion

The primary goal of this study was to test the hypothesis that
complex I-derived, mitochondrial matrix-directed superoxide
could be released from the mitochondria towards the cytosol. Be-
cause of the double membrane structure of the mitochondria and
the fact that superoxide is negatively charged, it has been generally
thought that superoxide directed toward the mitochondrial matrix
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Fig. 3. Wild type and MnSOD-deficient mitochondria both release complex I-derived superoxide through VDAC. (A) Representative EPR spectra are shown when wild type
(Left) and MnSOD-deficient mitochondria (TNI, Right) mice utilize GM + R. (B) Mitochondrial superoxide release with GM +R and the VDAC inhibitor DIDS (n =4). (C)
Superoxide release with GM + R and the mPTP inhibitor, CSA (n = 4). (D) Superoxide release with GM + R and the IMAC/PBR inhibitor, PK11195 (PK, n = 4). (E) Superoxide
release with GM +R and the IMAC/PBR inhibitor, 4'-chlorodiazepam (CLD, n =4). (F) Quantification of superoxide release using the various substrate plus inhibitor
combinations shown in (A-E). Values shown represent the EPR intensity per 20 pg of mitochondrial protein, and are means + SEM. *Significant difference when compared
with WT, for any substrate plus inhibitor combination; "Significant difference compared with WT GM + R; <Significant difference compared with TNI GM + R.

would not be released from the mitochondria [27]. However, our
data show for the first time that both wild-type and MnSOD-defi-
cient mitochondria release matrix directed superoxide towards the
cytosol. In addition, we found that mitochondrial superoxide re-
lease is increased by more than 4-fold in the presence versus the
absence of rotenone in MnSOD-deficient mitochondria respiring
on GM. In contrast, mitochondrial superoxide release is not in-
creased in response to rotenone in wild-type mitochondria that re-
spire with GM. This finding suggests that under normal conditions
MnSOD in the matrix is sufficient to control the increase in super-
oxide that is formed as a result of rotenone inhibition of complex I.

Superoxide has previously been shown to cross membranes
through anion channels. For example, erythrocyte membranes
contain a DIDS sensitive anion channel through which superoxide
radicals can diffuse [28]. In mitochondria, Han et al. [8] showed
that complex Ill-derived superoxide was released from the mito-
chondria towards the cytosol through VDAC. In the present study
we show for the first time that complex I produced, mitochondrial
matrix-directed superoxide is also released from the mitochondria
towards the cytosol through VDAC. VDACs are localized in the out-
er mitochondrial membrane, and have also been found at contact
junctions at the inner mitochondrial membrane. Therefore, we
looked for other potential sites of exit for superoxide, but did not

find a significant difference in superoxide release in response to
rotenone after inhibiting IMAC, PBR or the matrix side (cyclophilin
D) of the mPTP in either wild-type or MnSOD-deficient mitochon-
dria. However, we found that the mPTP is indeed an exit route for
mitochondria matrix localized superoxide, but only in mitochon-
dria isolated from wild type mice and under experimental condi-
tions that are thought to drive superoxide primarily through
complex III (SR + AA).

We were also interested in determining the sites within com-
plex I responsible for forming the superoxide that was released to-
wards the cytosol in the presence of rotenone. We determined that
the DPI-inhibitable flavin binding site within complex I contributes
approximately 20% of the total superoxide released from either
wild type or MnSOD-deficient mitochondria that utilized either
GM +R or SR. We also show for the first time that complex I is
capable of releasing superoxide under experimental conditions
that are thought to exclusively produce superoxide through
complex III (i.e., in the presence of SR).

The pathological implications of an increase in superoxide
radicals released from the mitochondria remains to be explored.
Although this would not be expected to occur under normal condi-
tions, the mitochondrial release of superoxide could become signif-
icant under conditions leading to reduced MnSOD or during
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Representative EPR spectra are shown when wild type (Left, n=9) and MnSOD-deficient mitochondria (TNI, Right, n = 7) mice utilize SR + AA. (B) Superoxide release with
SR+ AA and CSA (n=4). (C) Superoxide release with SR+ AA and the IMAC/PBR inhibitor, PK11195 (PK, n =4). (D) Superoxide release with SR + AA and the IMAC/PBR
inhibitor, 4’-chlorodiazepam (CLD, n = 4). (E) Quantification of superoxide release using the various substrate plus inhibitor combinations shown in (A-D). Values shown
represent the EPR intensity per 20 g of mitochondrial protein, and are means + SEM. “Significant difference when compared with WT, for any given substrate plus inhibitor

combination; "Significant difference compared with WT SR + AA.

pathological increases in superoxide generation. Elevated mito-
chondrial superoxide production has been shown to contribute to
nuclear DNA damage, mutagenesis, and ultimately, tumorigenesis
[29]. For example, Nakada et al. [30] reported an inverse associa-
tion between decreased MnSOD activity and the presence of malig-
nant pheochromocytoma, a type of neuroendocrine tumor located
in the chromaffin cells of the adrenal medulla The inverse associa-
tion found between pheochromocytoma and MnSOD activity re-
ported by Nakada et al. [30] suggests that deficits in MnSOD, and
potentially, elevated superoxide, may be related to the pathobiol-
ogy of this disease, and supports a potential role for increased
superoxide release from mitochondria in disease pathogenesis.
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