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Cellular localization determines whether the serine protease HtrA2
exerts pro- or antiapoptotic functions. In contrast to the well-
characterized proapoptotic function of cytosolic HtrA2, mecha-
nisms underlying the mitochondrial protective role are poorly
understood. Mpv17l is a transmembrane protein previously impli-
cated in peroxisomal reactive oxygen species metabolism and a
close homolog of the inner mitochondrial membrane protein
Mpv17. Here we demonstrate a previously undescribed direct
interaction between Mpv17l and HtrA2 in mitochondria. The in-
teraction is mediated by a PDZ domain and induces protease
activation of HtrA2. HtrA2 inhibits mitochondrial superoxide gen-
eration, stabilizes mitochondrial membrane potential, and pre-
vents apoptosis at baseline and in response to extracellular induc-
ers of mitochondrial stress. The physiological role of Mpv17l is
underscored by the finding that oxidative stress-induced down-
regulation of Mpv17l is a consistent feature in renal injury models.
Our findings identify Mpv17l as a unique interacting protein
and regulator of HtrA2 protease mediating antioxidant and anti-
apoptotic function in mitochondria.

reactive oxygen species � proximal tubular epithelial cells �
kidney injury � transforming growth factor beta � hypoxia

The serine protease HtrA2, also called Omi, is a mammalian
homologue of the bacterial endopeptidases HtrA and DegS

(1, 2). HtrA2 exerts either proapoptotic or antiapoptotic activ-
ities, depending on its subcellular localization and interacting
proteins. For example, HtrA2 is localized to mitochondria in
mammalian cells and exists in a premature and mature form,
generated by autoproteolysis (3). Under conditions that stimu-
late mitochondrial apoptotic pathways, the mature form of
HtrA2 is released into the cytoplasm where it binds the inhibitor
of apoptosis (IAP). The binding of mature HtrA2 to IAPs is
thought to contribute to induction of apoptosis by relieving the
inhibition of caspases by IAPs (3–5). In addition to IAP, several
cytosolic targets of HtrA2 protease have been identified, indicating
IAP- and caspase-independent proapoptotic activities (6). Thus,
HtrA2 has been considered a proapoptotic protein similar to the
Drosophila death-promoting proteins Reaper, Grim, and Hid.

Recent reports provide strong support for an antiapoptotic
function of HtrA2. For example, mice with a targeted deletion
of HtrA2 or point mutations of its protease domain demonstrate
features of a neurodegenerative disorder that resembles Parkin-
son’s disease (5–7). HtrA2-deficient mice manifest loss of striatal
cells by 20 days of age, and HtrA2-deficient cells are more
susceptible to undergo apoptosis compared with wild-type cells
(5). Mutations in the HtrA2 gene in patients with Parkinson’s
disease cause loss of its protease activity, associated with neu-
ronal cell death as a result of mitochondrial dysfunction (8). A
screen of 29 mitochondrial proteins for interaction with HtrA2
identified the PTEN (phosphatase and tensin homologue)-
induced putative kinase 1 (PINK1). Similar to HtrA2, mutations
in the PINK1 gene have previously been associated with Par-
kinson’s disease (9). PINK1 and HtrA2 function in a shared
pathway in neuronal cells, as PINK1 modulates the protease

activity of HtrA2 in mitochondria through a p38-dependent
phosphorylation of HtrA2 (10).

Mpv17 mitochondrial membrane protein-like (Mpv17l) pro-
tein is a member of the Mpv17/PMP22 family of transmembrane
proteins (11). Mpv17l has high sequence homology with the
Mpv17 gene. This gene encodes a mitochondrial inner mem-
brane protein that is implicated in the metabolism of reactive
oxygen species (ROS). Mutations in this gene cause the hepa-
tocerebral form of mitochondrial DNA depletion syndrome
(MDDS) in humans (12). In mice, deletion of Mpv17 causes
proteinuric kidney disease and alterations in the inner ear that
resemble Alport syndrome (13, 14). Murine Mpv17l exists in two
alternative splice variants (15). To date, a 20 kDa-isoform
(l-Mpv17l) has been characterized as a peroxisomal protein with
three transmembrane domains, whereas a 10 kDa isoform
(s-Mpv17l) has been localized to the cytosol. Both isoforms are
involved in ROS metabolism (15, 16).

Here we demonstrate that both Mpv17l isoforms are localized
in mitochondria under homeostatic conditions, though not in
peroxisomes as previously reported (15, 17). In mitochondria,
Mpv17l isoforms interact with HtrA2 through a PDZ domain-
binding motif to enable HtrA2 protease activity. The Mpv17l-
dependent protease activity of HtrA2 prevents mitochondrial
dysfunction and apoptosis at baseline and in response to extra-
cellular inducers of mitochondrial stress by reducing mitochon-
drial oxidative stress and stabilizing mitochondrial membrane
potential. Our findings suggest that the Mpv17l and HtrA2
complex is critical for mitochondrial oxidative stress sensing and
protects against ROS-induced mitochondrial dysfunction.

Results
Expression of Mpv17l in Kidney Tubular Epithelia Is Downregulated in
Tgf �1 Transgenic (TG) Mice with Progressive Kidney Disease. Because
deletion of the Mpv17 gene in mice causes proteinuric kidney
disease (13), we examined mRNA levels of Mpv17l and Mpv17
in TGF �1 transgenic (TG) mice, which develop lethal kidney
disease characterized by progressive tubulointerstitial fibrosis
and glomerulosclerosis [see supporting information (SI) Text]
(18). Compared with healthy control mice, whole kidney mRNA
levels of Mpv17l, and to a lesser extent Mpv17, were drastically
decreased in TGF �1 transgenic animals (see Fig. S1 A, left]. This
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TGF �1-induced downregulation of Mpv17l mRNA could be
also detected in murine proximal tubular epithelial cells (MCT),
whereas D-glucose, cobalt chloride, and antimycin A had no
effect on Mpv17l mRNA levels (Fig. S1 A, right). Tubular
expression of Mpv17l, prominently observed in kidney sections
of control mice, was strongly reduced or absent in TG mice, as
demonstrated by immunofluorescence labeling of kidney sec-
tions or immunoblotting of whole kidney lysates (Fig. 1 A).
Similar findings were obtained in murine models of diabetic type
1 (Akita) and type 2 (db/db) kidney disease, compared with
control mice (Fig. S1B). This demonstrates that the loss of
Mpv17l in renal nephron segments is a hallmark of progressive
kidney disease.

Mpv17l Is Localized in Mitochondria of Kidney Proximal Tubular
Epithelial Cells. In normal adult kidney, Mpv17l protein was
expressed in the outer medulla and inner cortex, which was
shown by immunofluorescence staining on frozen murine kidney
sections (Fig. 1B). ImmunoGold electron microscopy revealed
an accumulation of gold particles in mitochondria of proximal
tubular cells with predominant localization to the inner mito-
chondrial membrane (Fig. 1B, right). To further verify expres-
sion in proximal tubular cells, we double labeled with Dolichos
bif lorus agglutinin (DBA), a marker for proximal tubular cells

and principal cells of the collecting duct (Fig. 1C). Expression of
the 20 kDa splice variant (GFP-l-Mpv17l) in COS-7 cells con-
firmed that l-Mpv17l was confined to mitochondria, where it
colocalized with the mitochondrial marker cytochrome c (Fig.
1D). Similarly, the 10 kDa Mpv17l splice variant (GFP-s-Mpv17l)
could also be detected in mitochondria (Fig. S1C). Furthermore,
l-Mpv17l also colocalized with Omi/HtrA2 but did not colocalize
with the peroxisomal marker PMP70 (Fig. S1C). These findings
were confirmed by subcellular fractionation assays (Fig. S1D).
Taken together, our studies suggest that the l-Mpv17l is localized
in mitochondria but not in peroxisomes (16), and s-Mpv17l
shows a strong mitochondrial signal but an additional cytosolic
distribution.

Inducers of Mitochondrial ROS Generation Downregulate Mpv17l by a
ROS-Dependent Mechanism Associated with Apoptosis in Proximal
Tubular Cells. Because ROS generation and mitochondrial dys-
function are hallmarks of acute and chronic kidney diseases (19),
we exposed MCT cells to well-characterized inducers of ROS,
including D-glucose (Fig. 2A), the hypoxia-mimicking substance
cobalt chloride (CoCl2), TGF�1, and bovine serum albumin
(BSA) (SI Text and Fig. S2 A–C). High-ambient D-glucose (30
mM) downregulated Mpv17l protein associated with increased
ROS generation and apoptosis (Fig. 2 A, left panel). A significant
downregulation of Mpv17l after 24 h was preceded by a ROS
increase, which was detectable after 15 min of stimulation (Fig.
2A, right panel). These effects were prevented by antioxidants,
such as N-acetylcysteine and manganese(III) tetrakis(4-benzoic
acid)porphyrin (MnTBAP) (Fig. 2B and Fig. S2C). Stimuli such
as TNF� and LPS did not induce ROS or downregulate Mpv17l
protein levels (Fig. S2D). These findings suggest that multiple
inducers of mitochondrial ROS generation suppress Mpv17l
protein in a ROS-dependent manner.

Mpv17l Increases Resistance to Mitochondrial Dysfunction and Apop-
tosis. Silencing of endogenous Mpv17l or overexpression of
l-Mpv17l or s-Mpv17l were accomplished by stable transfection
of MCT cells and analysis of three individual clones (SI Text and
Fig. S2F). Reduction of Mpv17l was associated with increased
mitochondrial superoxide generation, which could be partially
blocked by antioxidants, whereas overexpression reduced D-
glucose-induced mitochondrial ROS levels (Fig. 2C). Further-
more, Mpv17l silencing led to the depolarization of the mito-
chondrial membrane potential (��m), which was alleviated by
stable overexpression of both forms in MCT cells (Fig. 2D).
Additionally, reduction of Mpv17l expression increased apopto-
sis at baseline conditions and stimulated with D-glucose, which
could be partially attenuated by antioxidants, whereas overex-
pression significantly reduced D-glucose-induced apoptosis in
MCT cells (Fig. 2E). siMpv17l clones showed an increased
cytosolic cytochrome c fraction compared with control siRNA
clones, indicating outer mitochondrial membrane permeabiliza-
tion (Fig. 2F). Together, these findings demonstrate that the
level of mitochondrial Mpv17l is inversely correlated with mi-
tochondrial ROS generation, loss of ��m, and apoptosis. Thus,
we conclude that both s-Mpv17l and l-Mpv17l protect against
ROS-induced mitochondrial dysfunction and apoptosis.

Mp17l Attenuates Antimycin A-Induced Accumulation of Activated
Bax. It has been shown previously that processed HtrA2 can
prevent the translocation of Bax into the outer mitochondrial
membrane (20). Therefore, 293T cells were transfected with
Mpv17l and stimulated with antimycin A for 2 h and 24 h. In
comparison with control transfected cells, less activated Bax
could be detected in the Mpv17l-overexpressing cells (SI Text
and Fig. S2E). This finding suggests that attenuated accumula-
tion of activated Bax in the outer mitochondrial membrane is
involved in the Mpv17l-mediated protection against apoptosis.
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Fig. 1. Mpv17l is localized in mitochondria and downregulated in the TGF �1
transgenic mouse model. (A) Immunofluorescence of Mpv17l-stained kidney
sections from one 4-week-old control and two TGF �1 transgenic mice. West-
ern blot analysis of l-Mpv17l protein levels (20 kDa) in kidney extracts of 2- and
4-week-old wild-type and TGF �1 transgenic mice. GAPDH protein levels are
shown for equal loading. (B) (Left) cryosections from mouse kidney were
stained with anti-rabbit Mpv17l antibody (see Materials and Methods) and
visualized by immunofluorescence microscopy (10�). (Right) electron micros-
copy with ImmunoGold labeling of Mpv17l in kidney sections. (C) Double
labeling of kidney tissue with anti-Mpv17l and Dolichos biflorus agglutinin
(DBA), a marker for proximal tubular cells. (D) COS-7 cells, transfected with
FLAG-tagged l-Mpv17l, were stained with anti-FLAG and anti-cytochrome c
and visualized using confocal microscopy.
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Mp17l Isoforms Interact with PDZ Domain Protein HtrA2 Through a
PDZ Binding Motif. Because of a strict colocalization between
HtrA2 and Mpv17l in mitochondria of transfected COS-7 cells,
we used whole kidney protein extracts and GST-chimeric pro-
teins of l-Mpv17l and s-Mpv17l for protein–protein interaction
studies. Endogenous mature HtrA2 protein (39 kDa) (21)
interacted with both Mpv17l-GST proteins, which were in gen-
eral prone to degradation processes (Fig. 3A). This interaction
was confirmed by coimmunoprecipitation studies in transfected
293T cells (Fig. 3B). Endogenous Mpv17l and HtrA2 coimmu-
noprecipitated from whole murine kidney lysates, whereas a

control IgG did not bind to these proteins (Fig. 3C). Thus,
l-Mpv17l and s-Mpv17l isoforms interact with HtrA2.

Sequence analysis revealed a PDZ binding motif in the
C-terminus of l-Mpv17l, and HtrA2 contains a C-terminal
PDZ domain. Wild-type Flag-l-Mpv17l interacted with GFP-
HtrA2, while mutant Flag-l-Mpv17l-DI, where aspartic acid
(position 112) and isoleucine (position 114) of the KDDI motif
were replaced with alanine residues by site-directed mutagen-
esis, was unable to bind GFP-HtrA2 (Fig. 4A). These findings
demonstrate that the PDZ binding motif of Mpv17l binds
HtrA2.
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Fig. 2. Regulation of Mpv17l protein levels is associated with alterations of ROS generation, mitochondrial membrane potential, and apoptosis in murine
proximal tubular epithelial (MCT) cells. (A) Immunoblot analysis of Mpv17l and cleaved caspase-3 expression levels. Bar graphs show average � SEM of ROS
generation (percentage ROS increase) and the rate of apoptosis in MCT cells, stimulated with different concentrations of D-glucose and at different time points
as indicated. L-Mannitol was added to maintain constant total osmotic pressure of 50 mM. (B) Immunoblot analysis of Mpv17l expression levels, percentage ROS
increase, and apoptosis in MCT cells, preincubated for 30 min with two antioxidants (MnTBAP; 50 �M and NAC; 1 mM) before D-glucose (30 mM) stimulation.
(C) Bar graphs showing average � SEM of percentage ROS increase. (D) Loss of ��m, indicated by relative change of tetramethylrhodamine ethyl ester (TMRE)
fluorescence. (E) Rate of apoptosis in siRNA clones (three clones averaged) and overexpression clones (three clones averaged), which were stimulated with
D-glucose (30 mM) � preincubation with NAC (1 mM). (F) Representative immunoblot of cytochrome c in subcellular fractions of extracts from two Mpv17l siRNA
clones compared with two control clones. GAPDH and prohibitin protein levels were used for equal loading. Statistical analysis was performed by using Student’s
t test and ANOVA with *, P � 0.05; **, P � 0.01; ***, P � 0.005 (*, compared with unstimulated control; †, compared with equivalent si control).
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PDZ Binding Motif-Dependent Mpv17l/HtrA2 Protein Complex Confers
Resistance Against Mitochondrial Dysfunction Induced by Mitochon-
drial Stress. For the induction of mitochondrial ROS, we used
antimycin A, an inhibitor of complex III of the respiratory chain.
Transfection of 293T cells with FLAG-l-Mpv17l, but not PDZ-
binding motif mutant FLAG-l-Mpv17l-DI, blocked antimycin
A-induced translocation of cytochrome c and HtrA2 from the
mitochondria into the cytosol (Fig. 4B). Only wild-type FLAG-
l-Mpv17l, but not mutant FLAG-l-Mpv17l-DI, was able to
mediate resistance to loss of ��m and apoptosis induced by
antimycin A (Fig. 4C). These findings suggest that the PDZ
binding motif-mediated complex formation of Mpv17l and
HtrA2 renders mitochondria resistant against ROS-induced loss
of ��m and apoptosis.

Resistance to Mitochondrial Dysfunction Mediated by Mpv17l/HtrA2
Protein Complexes Is Dependent on the Protease Activity of HtrA2.
Because the protease activity of HtrA2 depends on protein–
protein interactions via its PDZ domain (22), we reasoned that
the protease activity of HtrA2 may be critical for the mitochon-
drial defense function of Mpv17l/HtrA2 complexes. Therefore,
we transiently transfected HtrA2�/� MEFs with a �30%
transfection efficiency. Cotransfection with wild-type Flag-l-
Mpv17l and wild-type HtrA2 plasmids, but not the protease-
defective HtrA2 mutant HtrA2-S306A plasmid, conferred re-
sistance to mitochondrial dysfunction and apoptosis upon
Mpv17l-negative HtrA2�/� MEFs under nonstimulated condi-
tions and stimulation with antimycin A (Fig. 5A). Transient

transfection with the protease defective mutant led to a decrease
of mitochondrial membrane potential under baseline and stim-
ulated conditions (Fig. 5A). These findings demonstrate that the
protease activity of HtrA2 depends on the PDZ-binding motif-
dependent complex formation with Mpv17l and is required for
mitochondrial membrane stabilization and protection against
apoptosis.

Finally, we reasoned whether the Mpv17l-dependent protease
activity of HtrA2 modulates mitochondrial ROS generation as a
unique mechanism of the mitochondrial antioxidant defense.
HtrA2�/� MEFs were cotransfected with various combinations of
wild-type and PDZ-binding motif mutant Mpv17l constructs to-
gether with wild-type and protease-defective HtrA2 mutant plas-
mids. Only the coexpression of wild-type FLAG-l-Mpv17l and
wild-type HtrA2 reduced mitochondrial ROS generation under
unstimulated and stimulated conditions (Fig. 5B). To underscore
these findings, we analyzed ROS generation, ��m, and apoptosis in
wild-type and HtrA2�/� MEFs transfected with Mpv17l and
subsequently stimulated with rotenone (25 �M for 27 h). Only
wild-type cells transfected with Mpv17l showed a significant reduc-
tion of ROS levels, a stabilization of ��m, and less apoptosis
compared with control transfected cells (Fig. S3 A–C). To further
show that rotenone is a ROS inducer similar to antimycin A, we
treated MCT cells with both reagents and measured MitoSOX
fluorescence (Fig. S4A). To indicate that antimycin causes mito-
chondrial dysfunction, we measured DYm of cells, treated with
either antimycin A or the control stimulus staurosporine (Fig. S4B).
Finally, for the validation of the apoptosis studies, Annexin V/PI
analysis showed results comparable to TUNEL labeling in 293T
cells, transfected with either a control or Mpv171 (Fig. S4C). Our
findings suggest that the Mpv17l/HtrA2 complex provides a unique
antioxidant defense mechanism in mitochondria against mitochon-
drial ROS generation.

Discussion
The ability of cells to respond to environmental or internal stress
is essential for cell survival and depends in part on mechanisms
to detect and remove misfolded or damaged proteins induced by
cellular stresses, including oxidative stress. HtrA proteases are
widely conserved and contain carboxy-terminal PDZ domains
that activate their protease domain when binding to damaged or
misfolded proteins (23, 24). The mammalian HtrA2 protease is
emerging as an essential regulator of mitochondrial function that
protects mitochondria from stress and prevents apoptosis in
striatal neurons (5, 7, 25). Defects in HtrA2 protease activity
cause a parkinsonian neurodegenerative phenotype in mice and
are associated with Parkinson’s disease in humans (7, 8). Recent
evidence suggests that the MAPK p38 and the PTEN (phos-
phatase and tensin homologue)-induced putative kinase 1
(PINK1) phosphorylate HtrA2 in an external stress-sensing
pathway, resulting in increased activity of HtrA2 protease and
protection of mitochondria associated with cell survival (10).
Thus, HtrA2 exerts a central role in protection of cells against
mitochondria-associated cellular stress.

In this report, we identify Mpv17l as a mitochondrial binding
partner of HtrA2 and a regulator of the mitochondrial function
of the HtrA2 serine protease to suppress mitochondrial ROS
generation. This antioxidant function of HtrA2 protease is
essential for stabilization of the inner mitochondrial membrane
potential and mitochondrial retention of cytochrome c and
HtrA2 itself, thereby protecting cells against mitochondrial
apoptosis signals, such as metabolic and cytokine stimuli.

Based on our findings and recent reports, we propose a new
mechanism for mitochondrial antioxidant stress protection. The
PDZ domain of HtrA2 regulates its catalytic activity (7, 22).

In contrast to previous reports suggesting that Mpv17l iso-
forms are localized in peroxisomes or cytosol (15, 17), our
findings demonstrate that Mpv17l is localized with its three
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transmembrane domains at the inner mitochondrial membrane
in proximity with protein complexes of the respiratory chain, the
primary site of mitochondrial ROS generation. By providing a
mitochondrial membrane-binding ligand for the regulatory PDZ

domain of HtrA2, Mpv17l may localize and activate the catalytic
activity of HtrA2 at the inner mitochondrial membrane and
intermembrane space through allosteric activation. Thus, we
propose that Mpv17l and HtrA2 constitute a multimeric mito-
chondrial protein complex that senses and regulates oxidative
stress, possibly by HtrA2-mediated removal of damaged or
misfolded proteins involved in mitochondrial ROS generation
and/or degradation.

When mitochondrial ROS generation increases in response to
various upstream stress signals, Mpv17l proteins are profoundly
downregulated. In the absence of Mpv17l ligands, HtrA2 PDZ
domain may become unliganded, and HtrA2 may switch back to
a catalytically inactive conformation and release into the cytosol,
where it exerts its proapoptotic function. The loss of a local
antioxidant barrier may further increase net balance of ROS
generation, resulting in collapse of the inner mitochondrial
membrane potential, recruitment of Bax into the outer mito-
chondrial membrane, and subsequent permeabilization with
release of HtrA2 and cytochrome c into the cytosol, thereby
triggering cellular apoptosis cascades. Though we find that ROS
cause a profound decrease of Mpv17l protein levels, the exact
mechanism(s) remain(s) to be determined.

In summary, we report that Mpv17l and HtrA2 form a unique
mitochondrial protein complex critical for mitochondrial oxida-
tive stress sensing and regulation of ROS net balance in response
to internal and external stress.

Materials and Methods
Cell Culture. 293T cells and COS-7 cells were purchased from American Type
Culture Collection and cultured according to the vendor’s instructions. The
mouse proximal tubular cell line MCT was provided by Fuad Ziyadeh (Amer-
ican University, Beirut, Lebanon). Wild-type immortalized and Htr2A knock-
out mouse embryo fibroblasts (MEFs) (5) were kindly provided by Dr. J.
Downward (Cancer Research UK London Research Institute, London, En-
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Fig. 4. The PDZ binding motif of Mpv17l interacts with HtrA2, which is essential for the protective function of Mpv17l. (A) FLAG immunoblot showing
coimmunoprecipitation experiments of lysates from 293T cells, transfected with GFP-HtrA2 and FLAG-l-Mpv17l or FLAG-l-Mpv17l-DI (the required amino acids
for the PDZ-BM are mutated: D112A, I114A), compared with FLAG-Pxmp2 as control. (B) Representative immunoblot of HtrA2, and cytochrome c showing
subcellular fractions of extracts from 293T cells, transfected with FLAG-l-Mpv17l, FLAG-l-Mpv17l-DI, or control FLAG -Pxmp2, stimulated with antimycin A to
induce outer mitochondrial membrane permeabilization. (C) Bar graphs showing average � SEM of the relative TMRE fluorescence indicating mitochondrial
membrane potential change and the rate of apoptosis in 293T cells, transfected with either FLAG-l-Mpv17l, the nonbinding mutant FLAG-l-Mpv17l-DI or
FLAG-Pxmp2 as control. Statistical analysis was performed by using Student’s t test and ANOVA with ***, P � 0.005 (*, compared with unstimulated control; †,
compared with equivalent si control).
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Fig. 5. The serine protease activity of HtrA2 is required for the mitochondrial
protective function of Mpv17l. (A) Bar graphs showing average � SEM of the
percentage change of ��m (Left) and the rate of apoptosis (right) of
HtrA2�/� MEFs, cotransfected with FLAG-l-Mpv17l and HtrA2 or mutant
HtrA2S306A compared with control cells. (B) Bar graphs indicating average �
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FLAG-Pxmp2 as control, FLAG-l-Mpv17l, or the mutant FLAG-l-Mpv17l-DI and
wild-type HtrA2 or the protease-defective HtrA2S306. Results are represen-
tative data from three independent experiments. Statistical analysis was
performed using Student’s t test and ANOVA with *, P � 0.05; **, P � 0.01; ***,
P � 0.005 (compared with untreated control) and †, P � 0.05 (compared with
cells transfected with FLAG-l-Mpv17l and HtrA2).
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gland). Transfections were performed using Effectene and Superfect (Qiagen)
according to the manufacturer’s protocol.

Determination of ROS Generation. ROS generation was measured with the
fluoroprobes dihydroethidium (DHE) and MitoSOX (Invitrogen), which de-
tects superoxide or, specifically, mitochondrial superoxide generation (vali-
dated by immunofluorescence microsopy). Briefly, 3 � 105 cells were
trypsinized and centrifuged, and the pellet was resuspended in 1 �M DHE or
1 �M MitoSOX in PBS for 45 min at 37°C. Stock solutions were prepared in
DMSO. Cells were then washed with PBS, and emitted fluorescence was
determined using a BD FACSCanto (BD Biosciences). Flow cytometry data were
analyzed using FACS Diva (BD Biosciences). Results were shown in percentage
increase of fluorescence and compared with untreated control cells.

Measurement of the Inner Mitochondrial Membrane Potential (��m). To
analyze the changes in the mitochondrial membrane potential, we used
tetramethylrhodamine ethyl ester (TMRE) (Invitrogen). Briefly, after treat-
ment, 3 � 105 cells were trypsinized and incubated in 25 nM TMRE for 30 min
at 37°C. By using this concentration (non quenching mode), depolarization

causes a drop of the TMRE fluorescence. Cells were washed with PBS and cells
were analyzed by flow cytometry, measuring TMRE fluorescence in FL-2. The
relative fluorescence of TMRE was compared with that of the respective
untreated control cells in each experiment (26). To ensure the correlation
between the mitochondrial TMRE uptake and the mitochondrial membrane
potential, staurosporine (0.5 �M for 30 min) was used as a control stimulus
that is known to depolarize the mitochondrial membrane potential. All of the
experiments described herein were repeated at least three times.
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