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Kolossov VL, Beaudoin JN, Ponnuraj N, DiLiberto SJ, Hanafin
WP, Kenis PJ, Gaskins HR. Thiol-based antioxidants elicit mito-
chondrial oxidation via respiratory complex III. Am J Physiol Cell
Physiol 309: C81-C91, 2015. First published May 20, 2015;
doi:10.1152/ajpcell.00006.2015.—Excessive oxidation is widely ac-
cepted as a precursor to deleterious cellular function. On the other
hand, an awareness of the role of reductive stress as a similar
pathological insult is emerging. Here we report early dynamic changes
in compartmentalized glutathione (GSH) redox potentials in living
cells in response to exogenously supplied thiol-based antioxidants.
Noninvasive monitoring of intracellular thiol-disulfide exchange via a
genetically encoded biosensor targeted to cytosol and mitochondria
revealed unexpectedly rapid oxidation of the mitochondrial matrix in
response to GSH ethyl ester or N-acetyl-L-cysteine. Oxidation of the
probe occurred within seconds in a concentration-dependent manner
and was attenuated with the membrane-permeable ROS scavenger
tiron. In contrast, the cytosolic sensor did not respond to similar
treatments. Surprisingly, the immediate mitochondrial oxidation was
not abrogated by depolarization of mitochondrial membrane potential
or inhibition of mitochondrial GSH uptake. After detection of elevated
levels of mitochondrial ROS, we systematically inhibited multisub-
unit protein complexes of the mitochondrial respiratory chain and
determined that respiratory complex III is a downstream target of
thiol-based compounds. Disabling complex III with myxothiazol
completely blocked matrix oxidation induced with GSH ethyl ester or
N-acetyl-L-cysteine. Our findings provide new evidence of a func-
tional link between exogenous thiol-containing antioxidants and mi-
tochondrial respiration.

antioxidants; glutathione; mitochondria; reductive stress

BECAUSE GLUTATHIONE (GSH) is known to be an integral com-
ponent of the intracellular antioxidant systems, the cell-perme-
able pharmacological antioxidant N-acetyl-L-cysteine (NAC) is
widely used as a supplemental substrate for GSH synthesis. It
has been generally assumed that the survival-promoting actions
of NAC are due to a direct or an indirect (via intracellular GSH
synthesis) action as an antioxidant or as a free radical-scav-
enging agent (4, 47, 49). Although several reports suggest that
NAC protects against oxidation-induced cell death, others
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claim that NAC also induces apoptosis under certain cellular
conditions (14, 31, 39). Increasing evidence challenges the
existing dogma that antioxidants such as NAC and GSH can
prevent pathological processes solely by ROS detoxification
(8, 31, 41). Since antioxidant supplements are widely con-
sumed by many cancer patients during chemotherapy, a more
robust knowledge of the mode of action of thiol-containing
antioxidants is needed.

Recent studies demonstrate that cellular dysfunction can
result from an excessive amount of reducing equivalents in the
form of NAD(P)H or GSH in the presence of intact oxi-
doreductive systems, defined as reductive stress (11, 15, 18—
20). Pharmacological and genetic strategies have been used in
the most recent studies, which indicate a link between GSH-
induced intracellular reductive stress and mitochondrial oxida-
tion and cytotoxicity (50). However, the molecular mechanism
for GSH- and NAC-mediated mitochondrial oxidation remains
obscure (5, 43, 50).

We hypothesized that mitochondria-specific oxidation was a
consequence of increased ROS production in response to
reductive stress. This study examines the underlying mecha-
nism of a mitochondria-specific shift toward GSH oxidation in
response to the therapeutically relevant antioxidants NAC and
GSH. Genetically engineered fluorescent Grx1-roGFP2 redox
probes were used for this task. This tool is characterized by
improved thiol-disulfide exchange and specificity due to fusion
of the roGFP2 probe to the human redox-active enzyme glu-
taredoxin-1 (Grx1) (16, 32). The cytosol- and mitochondria-
targeted probes enabled visualization of previously undetect-
able early spatiotemporal changes in GSH redox potential
(Egsn) in live cells (1, 23, 34).

The data reveal unexpectedly rapid increases in mitochon-
drial Egsu (to a more oxidizing state) in the mitochondrial
matrix after exposure of the cell to NAC or GSH ethyl ester
(GEE). However, we questioned how thiol-containing antiox-
idants might promote immediate intracellular oxidation. By
utilizing inhibitors of the multisubunit protein complexes of the
mitochondrial respiratory chain, it was possible to identify the
origin of antioxidant-induced mitochondrial matrix oxidation.
The findings indicate the novel possibility that extracellular
thiol-containing antioxidants can activate a signaling path-
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way(s) that targets respiratory complex (RC) III of the mito-
chondrial electron transport chain (ETC), which is implicated
in ROS production.

EXPERIMENTAL PROCEDURES

Cell culture, transfection, and inhibitors. Chinese hamster ovary
(CHO) and human embryonic kidney (HEK293) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM); human
colorectal carcinoma (HCT116) cells and transformed porcine
(PF161-T) fibroblasts were grown in McCoy’s 5SA medium and
DMEM-Ham’s F-10 medium, respectively. All media were purchased
from the University of Illinois at Urbana-Champaign Cell Media
Facility. Cells were cultured and sorted as previously described (24).
Transfections were performed with Lipofectamine 2000 following the
manufacturer’s protocol (Invitrogen). CHO, HEK293, and HCT116
cells were purchased from American Type Culture Collection (Ma-
nassas, VA). PF161-T cells were a gift from Dr. Lawrence Schook
(University of Illinois at Urbana-Champaign). NAC, reduced GEE,
and the mitochondrial respiratory chain inhibitors rotenone, thenoyl-
trifluoroacetone, myxothiazol, antimycin A, sodium azide, and oligo-
mycin were prepared in accordance with the manufacturers’ sugges-
tions. Unless stated otherwise, all chemical reagents were obtained
from Sigma (St. Louis, MO).

Genetic constructs. The cytosolic redox-sensitive sensor Grxl-
roGFP2 was cloned into pIRES-puro3 as described previously (22).
To target the probe to mitochondria, the mitochondrial matrix target-
ing sequence adenosine triphosphate synthase protein 9, originating
from the fungus Neurospora crassa, was used (23). roGFP2 in
pEGFP-NI1 and Grx1-roGFP2 in pQE60 were gifts from Dr. James
Remington (University of Oregon), and mitochondrial Grx1-roGFP2
in pLPCX was a gift from Dr. Tobias Dick (Cancer Research Center,
Heidelberg, Germany).

Cell imaging. Imaging protocols are discussed in detail elsewhere
(22). Briefly, cells expressing cytosolic or mitochondrial Grx1-
roGFP2 were seeded in standard culture medium in p.-Slide eight-well
ibiTreat microscopy chambers (Ibidi, Munich, Germany). Time-lapse
images were collected with a fluorescence-enabled inverted micro-
scope (Axiovert 200 M, Carl Zeiss, Feldbach, Switzerland). Dual-
excitation ratio imaging used 395/11- and 494/20-nm excitation
cubes, and an emission filter at 527/20 nm was used for both cubes.
Exposure times were set at 100—200 ms, and images were taken every
15 or 30 s. Acquired images were processed with Zeiss Axiovision
SE64 Rel6.8 software by hand-selection of four to eight individual
cells to obtain multiple regions of interest in each time lapse. The
means of emission intensities at 527 nm were exported to Excel files
and then corrected by background subtraction.

Determination of mitochondrial membrane potential. The change
in mitochondrial membrane potential (MMP) was monitored using the
cationic dye tetramethylrhodamine ethyl ester (TMRE; Life Technol-
ogies, Grand Island, NY). This lipophilic fluorophore enters the cell
and accumulates in mitochondria in accordance with the Nernst
equation (13, 38). For visualization of alterations in MMP, cells
washed with Dulbecco’s PBS supplemented with 5% FBS and 10 mM
glucose were loaded with TMRE at a final concentration of 50 nM for
10 min at 37°C prior to imaging. Fluorescence emission was recorded
using a 546/10-nm excitation, 565-nm dichroic, and 610/60-nm emis-
sion filter set. TMRE fluorescence intensity was analyzed concomi-
tantly with the redox-sensitive sensor. To study the role of MMP in
response to thiol-containing antioxidants, the pharmacological MMP
uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was
used (38).

Modulation of mitochondrial GSH uptake. To study whether cyto-
sol-to-mitochondria GSH translocation affects the mitochondrial re-
sponse to extracellular thiol antioxidants, the major GSH transporters
dicarboxylate (DIC) and 2-oxoglutarate carriers (OGC) were inhibited
with butylmalonate (BM) and phenylsuccinate (PS). Both inhibitors
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were prepared as 0.1 M stock solutions in Dulbecco’s PBS adjusted to
pH 7.0. Cells were pretreated with 10 mM BM and PS at 37°C ina 5%
CO: incubator and exposed to 2 mM GEE during imaging.

Determination of reduction potential. The fraction of roGFP2 in the
reduced state was calculated from the ratio of reduced to oxidized
roGFP2 using equations described elsewhere (16, 23, 29). Changes in
GSH reduction potentials were determined from the Nernst equation
(23).

Determination of mitochondrial oxidative stress. MitoSOX Red
dye was used to assess mitochondrial matrix ROS level (36). Briefly,
HCT116 cells seeded in p-Dishes (Ibidi) were washed with Hanks’
buffer and then stained with 5 uM MitoSOX Red for 30 min in a 5%
CO: incubator at 37°C. Separate cells were coincubated with 4 mM
GEE. The cells were washed twice with Hanks’ buffer and then
examined using a Zeiss LSM710 confocal laser microscope (514-nm
excitation). Further image processing and quantification were per-
formed with Zen 2009 software by selection of multiple regions of
interest from individual cells. To confirm production of ROS in the
mitochondrial matrix, the membrane-permeable ROS scavenger 4,5-
dihydroxy-1,3-benzenedisulfonic acid (tiron) was added to the cells
30 min before the challenge with GEE to give a final concentration of
10 mM (37, 45, 46). Fluorescence intensity values were obtained from
three different experiments.

Statistical analysis. Data were analyzed by ANOVA and are
reported as means = SD (23). Significant differences between GEE
treatment and control to monitor mitochondrial oxidative stress were
determined with Tukey’s test. Statistical significance was determined
at the 0.05 level.

RESULTS

Thiol-based antioxidants induce immediate oxidation of mi-
tochondrial matrix. To study early compartmentalized changes
in Egsy in response to extracellular thiol-containing antioxi-
dants, the Grx1-roGFP2 probe was targeted to the cytosol and
mitochondrial matrix of CHO and HEK?293 cells and tumori-
genic HCT116 and PF161-T cells. Sensor expression was
verified by fluorescence imaging; the mitochondrial probe
exhibits the characteristic tubular shape of the organelle, while
in the cytosol, the fluorescence was diffusely distributed (23).

It should be emphasized that roGFP2 is not oxidized by
H»0, directly; rather, Grx1 mediates the redox equilibration of
roGFP2 with the subcellular GSH redox potential, which is
influenced by the GSH-to-GSSG ratio and the total GSH
concentration (Fig. 1A).

The properties of Grx1-roGFP2 are based on the monothiol
mechanism of glutaredoxins in which an increase in oxidation
causes formation of a mixed Grx1-GSH disulfide intermediate
via specific reaction of the nucleophilic cysteine of Grx1 with
GSSG. Consequently, two additional steps in thiol-disulfide
exchange result in formation of the internal disulfide bridge in
roGFP2, which reciprocally alters two excitation maxima of
the probe (17). The molecular mechanism for Grx1-roGFP2 is
described in detail elsewhere (32). The relatively reducing
midpoint potential for roGFP2 of —280 mV (pH 7.0) defines
the quantitative readout of roGFP2 ~40 mV from the midpoint
potential (16). Hence, complete oxidation or reduction of the
probe, indicative of relative changes in the GSH-to-GSSG
ratio, is not equivalent to full oxidation or reduction of the
compartmentalized GSH pool.

Recent studies including our own have demonstrated that
genetically encoded probes expressed in the cytosol and mito-
chondrial matrix are substantially reduced in the basal state
(Fig. 1B) (1, 17, 23, 35). Ratiometric analysis is expressed
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Fig. 1. Schematic of the molecular mechanism of the Grx1-roGFP2 sensor and
redox response of the compartmentalized probe to exogenous oxidant and
reductant. A: O~ produced by respiratory complex (RC) III is rapidly
converted by superoxide dismutase (SOD) to H>O», which is subsequently
reduced by glutathione (GSH) peroxidase(s) (GPx) to water. Glutaredoxin
(Grx) fused to roGFP2 efficiently equilibrates the probe with alterations in the
GSH-to-GSSG ratio. Thiol-disulfide equilibration is reversible, as GSH reduc-
tase (GR) catalyzes reduction of GSSG to GSH. B: representative fluorescence
images demonstrate the sensor targeted to mitochondrial matrix and cytosol of
Chinese hamster ovary (CHO) cells (top). Bottom: corresponding time-lapse
responses of the 395/494-nm ratio to sequential treatment with 2 mM diamide
(vertical solid line) to the fully oxidized state and 10 mM DTT (vertical dashed
line) to the fully reduced probe state. Each trace designates a separate cell depicted
on fluorescence images. Data are representative of 5 independent experiments.

through the time-resolved changes in the excitation ratio of
395- to 494-nm channels (395/494-nm ratio). The 395/494-nm
dual-excitation ratio is directly linked to the portion of sensor
oxidation: a higher ratio corresponds to stronger oxidative
state. The fraction of Grx1-roGFP2 in the oxidized form in the
basal state is easily determined with probe calibration through
consecutive addition of the oxidant diamide and the reductant
DTT to elicit full oxidation (100% oxidation) and reduction
(0% oxidation), respectively (Fig. 1B).

This process was applied to cells to study intracellular
responses to exogenously supplied NAC or GEE. The final
concentrations, 4 mM GEE and 5 mM NAC, were chosen to
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correspond with the expected midpoint of cytosolic and mito-
chondrial concentrations of GSH in mammalian cells (30).
While previous studies with GEE treatments revealed a con-
centration-dependent trend of toxicity, the effects of =4 mM
GEE were not significant (48). Representative fluorescence
images of cytosolic and mitochondrial probes with correspond-
ing ratiometric analysis are shown in Fig. 2. Under resting
conditions, mitochondrial and cytosolic probes are strongly
reduced at an excitation ratio slightly above 0.1. After chal-
lenge with exogenous GEE, the mitochondrial probe responded
with an abrupt transition from a reduced to a fully oxidized
state (ratio 0.35) within 30 s. The probe then remained oxidized
until DTT challenge rapidly equilibrated the probe to a fully
reduced state with an excitation ratio near 0.08, as shown in the
GEE time-lapse image in Fig. 2. In contrast, the cytosolic
sensor did not respond following GEE application, as shown in
GEE time-lapse image. The minor decrease in probe excitation
ratio following DTT challenge verified that the cytosolic sensor
was almost entirely reduced at the basal state. Therefore,
despite the strong mitochondrial response to exogenous GSH,
the cytosolic probe is neither oxidized nor further reduced.

To unambiguously confirm immediate compartmentalized
responses, we acquired images simultaneously from cytosolic
and mitochondrial sensors by coculturing two stably trans-
fected populations of CHO cells in a single well. The fluores-
cence image of a field populated with both cell lines is depicted
in Fig. 2. All visible cells were analyzed, and ratiometric data
for two representative cells from each transfected population
are shown in the time-lapse images in Fig. 2. Yet again, the
probe targeted to the mitochondrial matrix (cells I and 2) was
strongly reduced during resting conditions (first 1.5 min) and
rapidly converted to a fully oxidized state within 30 s after
GEE application, until subsequent DTT challenge (6 min)
resulted in full reduction. In contrast, the probe targeted to
cytosol (cells 3 and 4) was GEE-insensitive and, as expected,
responded in the ratiometric profile shown in Fig. 2.

Cells exposed to NAC responded similarly, as shown in the
time-lapse images in Fig. 2. Thus, exogenously supplied thiol-
based antioxidants paradoxically trigger mitochondria-specific
oxidation, yet they do not affect cytosolic Egsy. Comparable
results were observed for multiple cell lines, including tumor-
igenic HCT116 and PF161-T cells and nontumorigenic
HEK?293 cells (Fig. 3). To our knowledge, this is the first report
of rapid oxidation of the mitochondrial matrix in mammalian
cells following exogenously supplemented thiol-containing
compounds.

Oxidation of the mitochondrial matrix occurs within seconds
and is specific to thiol-based antioxidants. The present data
demonstrate that cells respond to challenge with 4 mM GEE by
complete saturation of the mitochondrial sensor; after this
point, the probe fails to indicate further oxidation. To remain
within a suitable range of quantitative sensor readout (=40 mV
from its midpoint redox potential), the concentration of GEE
was decreased stepwise. Figure 4 shows the mitochondrial
probe response expressed in CHO and HCT116 cells after
exposure to 2 and 1 mM GEE. Responses to GEE were
dose-dependent, rather than time-dependent. The sensor con-
sistently reaches maximum oxidation in seconds and maintains
this level in a concentration-dependent manner for several
minutes before it equilibrates to the less oxidative state (Fig. 4).
The mitochondrial matrix of CHO cells responded to 1 mM
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Fig. 2. Differential redox responses of mitochondrial matrix and cytosol to challenge with GSH ethyl ester (GEE) or N-acetyl-L-cysteine (NAC). Top:
representative fluorescence images (494 nm) of the Grx1-roGFP2 sensor targeted to mitochondria or cytosol of CHO cells. Scale bar = 20 wm. Bottom:
corresponding time-lapse responses of the 395/494-nm excitation ratio to sequential treatment with 4 mM GEE (arrows) or 5 mM NAC (arrows), followed by
10 mM DTT (vertical dashed line). Each trace designates a separate cell depicted on fluorescence images (GEE-treated cells). Data are representative of 5

independent experiments.

GEE with a temporal change of Egsy near 40 mV. Extended
time-lapse imaging revealed the transient nature of mitochon-
drial oxidation (Fig. 4); at 30 min following exposure to GEE,
the probe remained in an oxidative state that was slightly
higher than baseline (not shown).

We then asked if rapid oxidation of the mitochondrial matrix
mediated by thiol-based pharmacological compounds is a spe-
cific feature of NAC and GEE and if other endogenously
available non-thiol-based antioxidants could trigger similar
responses. We utilized ascorbic acid (AA), an integral contrib-
utor to thiol homeostasis (42). However, in contrast to NAC
and GEE, the mitochondrial probe was insensitive to challenge
with AA (Fig. 5A). The data show that only thiol-containing
compounds trigger mitochondrial oxidation, implying the di-
rect reactivity of sulfhydryl groups.

Rapid thiol-based responses are independent of mitochon-
drial GSH uptake, biosynthesis, and products of antioxidant
hydrolysis. As the various subcellular pools of GSH originate
from cytosolic synthesis, it has been generally accepted that

GSH accrues in the mitochondrial matrix via uptake through
two major putative transporters in the mitochondrial inner
membrane, DIC and OGC (26). To determine the contribution
of mitochondrial transport to GEE response, we altered GSH
uptake with BM and PS, the respective inhibitors of DIC and
OGC (10, 26). However, neither of the inhibitors affected the
probe response to GEE, even at a reduced concentration of 1
mM (Fig. 6A). These data indicate that DIC and OGC are
highly unlikely to be involved in the oxidative mitochondrial
GEE response, although other GSH transport systems cannot
be excluded (7, 26).

After intracellular uptake, esterified GSH and acetylated
cysteine are hydrolyzed in the cytosol and exert their antioxi-
dant property. The main protective action of deacetylated NAC
is generally attributed to its ability to serve as a precursor to
cytosol-synthesized GSH in antioxidant-depleted cells. Hence,
the next question was whether NAC deacetylated to cysteine
contributes to mitochondrial oxidation directly or via GSH
synthesis. As a result, GSH synthesis was inhibited with the
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. Differential redox response of mitochondrial matrix and cytosol of various cells to challenge with GEE. Top: representative fluorescence (494 nm) images

of the Grx1-roGFP2 sensor targeted to cytosol of HCT116 cells and mitochondria of HCT116, PF161-T, and HEK293 cells. Scale bar = 20 wm. Bottom:
corresponding time-lapse responses of the 395/494-nm excitation ratio to challenge with 4 mM GEE (arrow). Each trace designates a separate cell depicted on

fluorescence images. Data are representative of 3 independent experiments.

glutamate-cysteine ligase inhibitor L- buthionine sulfoximine
(BSO) before NAC challenge. Figure 6B shows similar NAC-
induced oxidation of the mitochondrial probe in control and
BSO-treated cells. The NAC-mediated change in the probe
ratio ranged from 0.1 in the basal state to 0.2 with or without
BSO. This result indicates that the mitochondrial response to
NAC is independent of GSH synthesis, once again underscor-

ing the active role of exogenous sulfhydryl groups, rather than
intracellular GSH content.

Next, as previous studies suggested that toxicity of GEE
could be attributed to ethanol, a by-product of GEE deesteri-
fication, the extent to which ethanol affected the sensor equi-
librium with mitochondrial Egsy was examined (9, 48). In
contrast to the GEE response, cytosolic and mitochondrial
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Fig. 4. GEE response triggers immediate transient matrix oxidation in a dose-dependent manner. Left: representative fluorescence (494 nm) images of the
Grx1-roGFP2 sensor targeted to mitochondria of CHO and HCT116 cells. Scale bar = 20 wm. Right: corresponding time-lapse responses of the 395/494-nm
excitation ratio to sequential treatment with 2 and 1 mM GEE (arrow), 2 mM diamide (vertical solid line), and 10 mM DTT (vertical dashed line). Each trace
designates a separate cell. Data are representative of 3 independent experiments.
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deesterification of membrane-permeable GEE is considerably
lower (28, 48). Thus, while alcohol at high concentrations also
rapidly perturbs mitochondrial redox homeostasis, an ethanol
effect on GEE response is highly unlikely due to the concom-
itant oxidation of the cytosol, in contrast to thiol antioxidants.

probes responded similarly in a concentration-related manner:
oxidation with 500 mM ethanol was followed by immediate
probe recovery to the basal state in both compartments (Fig.
5B). Although this concentration caused considerable oxida-
tion, early production of intracellular ethanol resulting from
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GEE response does not require an intact mitochondrial
respiratory chain. A strong correlation exists between ROS
production and MMP, which characterizes mitochondrial fit-
ness (44). To further elucidate the mechanism of mitochondrial
matrix oxidation with extracellular thiol-containing com-
pounds, we followed MMP responses via live cell imaging.
Cells were loaded with the well-documented fluorescent dye
TMRE, and alterations in membrane potential and the mito-
chondrial probe Egsy were simultaneously measured initially
in the basal state for 2 min and then in response to GEE.
Surprisingly, in contrast to rapid sensor oxidation, no imme-
diate change in fluorescence intensity of TMRE dye was
observed following GEE application, as shown in Fig. 7A for
two representative cells. Images in Fig. 7A illustrate alterations
in probe and TMRE fluorescence during transition from the
basal state and following subsequent challenge with GEE at 1
and 5 min. The decrease in probe fluorescence intensity at 494
nm (green) corresponds to higher mitochondrial oxidation,
while no change in TMRE (red) fluorescence indicates stable
MMP. Cells lacking probe expression can be visualized only
by TMRE staining.

Because GEE does not immediately alter MMP, we next
asked if the GEE response is modulated by MMP. Since MMP
generated by the flux of electrons via the mitochondrial ETC
has been associated with ROS production, the uncoupler CCCP
was used to dissipate the MMP. Figure 7B shows that depo-
larization of MMP, indicated by a decrease in TMRE fluores-
cence, occurred within minutes following challenge with
CCCP. Time-resolved probe responses were concurrently
monitored. Loss of MMP with CCCP treatment failed to
considerably alter the 395/494-nm ratio in the probe at the
basal state and to affect GEE-induced probe oxidation (Fig.
7B). Time-lapse images illustrate changes in fluorescence in-
tensity of the mitochondrial Grx1-roGFP2 probe and TMRE
dye before and after treatments. Together, these results imply
a GEE response independent of MMP under our experimental
conditions.

GEE triggers mitochondrial ROS production. To test our
hypothesis that the thiol-mediated increase in ROS formation
contributes to oxidation of the mitochondrial matrix, the mito-
chondrial ROS-specific dye MitoSOX Red was used. Figure
7C shows GEE-induced oxidation of the probe with a 50%
increase in fluorescence intensity. Representative fluorescence
images show a visible increase in dye fluorescence intensity.
Consequently, we evaluated the membrane-permeable com-
pound tiron, which exhibits antioxidant effects as a metal
chelator and a radical scavenger, to determine whether ROS
neutralization would reverse the oxidation caused by GEE (37,
46). HCT116 cells were exposed to 10 mM tiron for 30 min
and then to 1 mM GEE. Indeed, tiron abrogated the response to
GEE within 1 min (Fig. 7D) compared with tiron-free cells
(Fig. 4). Rapid sensor oxidation in the presence of tiron
presumably indicates superior kinetics of the sensor response
to GEE-induced ROS generation compared with the scaveng-
ing kinetics of tiron. These data represent the first direct
observation of a rise in mitochondrial ROS activity following
application of exogenous thiol-containing antioxidants and
may indicate that ROS generated from mitochondrial sites are
responsible for oxidation of the probe.

C87

Thiol-based antioxidants elicit spatial oxidation via mito-
chondrial RC III. The next crucial step in validation of the
hypothesis of a ROS-mediated response to extracellular thiols
was identification of the specific mitochondrial site(s) gener-
ating ROS. Mitochondria are the major source of intracellular
ROS formation, 90% of which is ascribed to the ETC. Mito-
chondrial respiration is affected in many pathological condi-
tions, and impaired ETC performance could emit additional
ROS. To examine whether extracellular thiol-induced ROS
production is linked to mitochondrial respiration, well-estab-
lished inhibitors of RCs were utilized in concentrations neces-
sary to completely block respiration in tumorigenic HCT116 or
normal CHO cells (21). Figure 8A shows the response of each
RC and ATPase of HCT116 cells to corresponding inhibitors,
which were individually applied 3 min prior to GEE challenge.
Inhibition of RC I, RC II, RC IV, and ATPase did not prevent
immediate oxidation in response to 2 mM GEE. In contrast,
antimycin A profoundly diminished, and myxothiazol fully
abolished, the probe response to GEE in HCT116 (Fig. 84) and
CHO (data not shown) cells. At high concentrations, antimycin
A fully oxidized the sensor and, therefore, diminished its utility
for further study. Consequently, the antimycin A concentration
was decreased to 1 wM, resulting in a complete lack of sensor
response or mild oxidation with rapid recovery. Whereas this
concentration is presumably sufficient to inhibit RC III, the
detection of antimycin-induced ROS production in cell culture
is indeed time- and concentration-dependent (36). The obser-
vation that inhibition of RC III prevents the mitochondrial
sensor oxidation implies that semiquinone formation in the Q
cycle is responsible for O, ~ production. Myxothiazol, which
demonstrated the most pronounced effect, was chosen for
further experiments. Taken together, our data on independence
of the GEE response from the inhibition of other respiratory
chain complexes are in agreement with the absence of MMP
alterations and, therefore, provide additional evidence that RC
III, but not an intact mitochondrial respiratory chain, is re-
quired for ROS production.

Thiol-induced mitochondrial oxidation is rescued by inhib-
itors of RC IIl. Because brief pretreatment of cells with
myxothiazol blunted NAC- and GEE-mediated responses, we
asked whether RC III inhibition could rescue the probe already
oxidized by thiol-based antioxidants. Figure 8B shows succes-
sive cell treatment with GEE, myxothiazol, and DTT. Remark-
ably, myxothiazol fully restored the oxidized probe to the basal
reduced state within minutes. A similar result was observed for
the probe oxidized with NAC (data not shown). More impor-
tantly, this outcome refutes the possibility of an acidification-
induced probe oxidation via acetic acid, a by-product of NAC
deacetylation by cytosolic esterases. These data clearly dem-
onstrate that RC III is a major site of ROS production follow-
ing exogenous thiol-containing antioxidant treatment.

DISCUSSION

Previous evidence suggests that exogenously supplied NAC
triggers gradually induced oxidation of mitochondrial matrix
Egsn, despite decreased levels of ROS (50). Because the
precise mechanism of mitochondrial oxidation without ROS
elevation is unknown, we further examined the early response
of compartmentalized Egsy to NAC and GEE applications via
time-resolved imaging. We hypothesized that excessive gener-
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ation of mitochondrial ROS precedes the rapid shift of Egsy

toward oxidation.

Here, mitochondrial ROS production, as revealed by Mi-
toSOX Red, is consistent with previous reports of increased
ROS concentrations in NAC-treated mouse embryonic fibro-
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Fig. 8. Extracellular thiol-containing antioxidants target mitochondrial RC III. A: schematic of mitochondrial respiratory chain with representative time-lapse
responses of 395/494-nm ratio of the mitochondrial Grx1-roGFP probe targeted to HCT116 cells with exposure to 1 wM rotenone, 100 wM thenoyltrifluoro-
acetone (TTFA), | uM antimycin A, I uM myxothiazol, 0.5 mM sodium azide, or 10 uM oligomycin (arrows at 1.5 min) to sequential treatment of 2 mM GEE
(dotted vertical line). Only inhibition of RC III altered the probe response to GEE. Q, Q cycle; CytC, cytochrome c. B: representative fluorescence (494 nm) image
of the Grx1-roGFP2 sensor targeted to mitochondria of HCT116 cells (left). Right: time-resolved responses of the probe to sequential treatments with 2 mM GEE
(solid line), 1 uM myxothiazol, and 10 mM DTT (dashed line). Each trace designates a separate cell depicted on fluorescence images. Data are representative

of 3 independent experiments. Scale bar = 20 pum.

beyond (31). However, the mechanisms generating NAC-in- We further hypothesized that the ROS-generating site was
duced ROS were not investigated (2, 31, 33). While intracel- contained within the mitochondrion. To locate the origin of
lular ROS production is generally measured after hours of thiol-mediated ROS production, we applied mitochondrial re-
exposure to compounds of interest, our data indicate immediate  spiratory chain inhibitors during live cell imaging. This ap-
release, as evidenced by the ability of the membrane-perme- proach revealed RC III as a novel downstream target of thiol

able ROS scavenger tiron to attenuate rapid mitochondrial antioxidants. Inhibition of RC III with antimycin A signifi-

probe oxidation. cantly diminished the oxidative response to thiol-based anti-

Fig. 7. Independent of mitochondrial membrane potential (MMP), GEE response leads to ROS formation. A and B: HCT116 cells transfected with mitochondrial
probe and loaded with tetramethylrhodamine ethyl ester (TMRE) dye for MMP visualization were challenged with 2 mM GEE or successively with 5 uM
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), 2 mM GEE (arrows), and 10 mM DTT (dashed line). Top: changes in sensor excitation ratio and
fluorescence intensity of TMRE dye over time for 2 representative cells. Bottom: fluorescence emission (494- and 546-nm double-excitation) micrographs show
changes in GSH redox potential (Egsn) via the mitochondrial Grx1-roGFP2 sensor (green) and MMP with TMRE dye (red) at indicated time points. Decrease
in probe fluorescence intensity at 494 nm (green) corresponds to higher mitochondrial oxidation, while decrease in TMRE (red) fluorescence indicates loss of
MMP. C: representative confocal images of HCT116 cells (514 nm) showing increase in mitochondrial MitoSOX Red fluorescence following treatment with 4
mM GEE for 30 min (left). Right: relative fluorescence intensity for MitoSOX Red staining of GEE-treated or untreated (PBS) HCT116 cells. D: fluorescence
micrograph (494 nm) of the mitochondrial probe expressed in HCT116 cells exposed to 10 mM tiron for 30 min (left). Right: corresponding time-lapse responses
of the 395/494-nm ratio to sequential treatment with 1 WM GEE (arrow), 2 mM diamide (vertical solid line), and 10 mM DTT (vertical dashed line). Each trace
designates a separate cell depicted on the images. Values are means * SD, n = 3. Scale bar = 20 pm. *P < 0.01 vs. non-GEE-treated cells. Data are

representative of 3 independent experiments.
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oxidants, while myxothiazol demonstrated the most pro-
nounced neutralizing effect. Furthermore, myxothiazol fully
rescued the mitochondrial probe following oxidation with
exogenous thiols. These findings indicate a functional link
between mitochondrial respiration and environmental thiol-
induced stress through a contributing role of RC III in ROS
release, which results in more oxidizing Egsy of the mitochon-
drial matrix.

Simultaneous time-lapse imaging of the probe and fluores-
cent TMRE dye used for assessment of MMP did not reveal
MMP alteration, despite rapid oxidation of the probe in GEE-
exposed HCT116 cells. Whereas the probe oxidation is in
agreement with O, ™ production by RC III, the apparent
discrepancy rests in a dissonance between ROS production and
the absence of MMP alterations. However, it should be em-
phasized that this result is consistent with the recent observa-
tion that O, production by RC III does not depend on
mitochondrial transmembrane potential (12, 25). It should also
be noted that immediate oxidation of the probe with 2 mM
GEE indicates oxidation of ~2% of the mitochondrial GSH
pool, an alteration presumably too insignificant to impair
MMP, which is in line with recent results suggesting that some
compounds generate O, at concentrations lower than neces-
sary to impair MMP (6). Our data are consistent with previous
findings that =15 mM NAC did not induce alterations in MMP
in pancreatic cancer AsPC-1 cells (33). While Grx1-roGFP2
targeted to mitochondria of HeLa cells treated with the apo-
ptosis inducer TNF-related apoptosis-inducing ligand (TRAIL)
indicated that oxidation of the mitochondrial GSH pool is
directly coupled to MMP collapse, this observation is true
under the extreme cellular conditions during induced apoptosis
on a time scale of several hours, when visual changes in cell
shape are clearly pronounced, conditions dissimilar to extra-
cellular thiol treatments (16). Together, these data indicate that
cell type and duration, severity, and concentrations of stimuli
will determine whether changes in ROS production reflect
alteration of MMP.

Although our results offer a new explanation of the origin of
extracellular thiol-induced oxidation, it is unclear how rela-
tively small dynamic changes in intracellular thiol content
trigger rapid mitochondria-specific ROS production via RC III.
The rates of intracellular GEE or NAC uptake are not rapid
enough to significantly alter baseline 1-10 mM concentrations
of intracellular GSH within seconds (28, 40). The indepen-
dence of NAC-induced mitochondrial oxidation from GSH
synthesis and the inability of AA to trigger mitochondrial
oxidation in a similar manner indicate the direct reactivity of
their sulfhydryl groups. Furthermore, responses to NAC and
GEE are independent of mitochondrial GSH uptake, indicating
that these thiol-containing antioxidants do not exert an oxida-
tive effect through accumulation and subsequent reduction of
the electron carrier pools leading to ROS release, as suggested
by the reductive stress model (3). In contrast to our initial
hypothesis that accumulation of excessive intramitochondrial
reducing equivalents in the form of GSH triggers a mitochon-
dria-specific response, we propose that mitochondrial oxida-
tion is possibly mediated by activation of a cellular plasma
membrane component(s). Nevertheless, extracellular thiols ini-
tiate an unknown cascade that, via reduction of the RC III, may
affect cellular energy.
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