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Abstract

Aims: Cell regulation by signaling reactive oxygen species (sROS) is often incorrectly studied through extra-
cellular oxidant addition. Here, we used the membrane-permeable antioxidant Trolox to examine the role
of sROS in mitochondrial morphology, oxidative phosphorylation (OXPHOS), and cytosolic calcium (Ca*")
handling in healthy human skin fibroblasts. Results and Innovation: Trolox treatment reduced the levels of 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydro-fluorescein (CM-H,DCF) oxidizing ROS, lowered cellular lipid
peroxidation, and induced a less oxidized mitochondrial thiol redox state. This was paralleled by increased
glutathione- and mitofusin-dependent mitochondrial filamentation, increased expression of fully assembled
mitochondrial complex I, elevated activity of citrate synthase and OXPHOS enzymes, and a higher cellular O,
consumption. In contrast, Trolox did not alter hydroethidium oxidation, cytosolic thiol redox state, mitochon-
drial NAD(P)H levels, or mitochondrial membrane potential. Whole genome expression profiling revealed that
Trolox did not trigger significant changes in gene expression, suggesting that Trolox acts downstream of this
process. Cytosolic Ca®" transients, induced by the hormone bradykinin, were of a higher amplitude and decayed
faster in Trolox-treated cells. These effects were dose-dependently antagonized by hydrogen peroxide.
Conclusions: Our findings suggest that Trolox-sensitive sSROS are upstream regulators of mitochondrial mito-
fusin levels, morphology, and function in healthy human skin fibroblasts. This information not only facilitates
the interpretation of antioxidant effects in cell models (of oxidative-stress), but also contributes to a better
understanding of ROS-related human pathologies, including mitochondrial disorders. Antioxid. Redox Signal. 17,
1657-1669.

Introduction

WITHIN THE LIVING CELL, mitochondrial structure dis-
plays a large variability ranging from spherical to fila-
mentous (1). Net mitochondrial morphology depends on the
balance between mitochondprial fusion and fission (47), which
are mediated by the action of dynamin-related GTPases,
including two mitofusin isoforms (mitofusin 1 [Mifnl],

mitofusin 2 [Mfn2]; fusion), dynamin-related protein 1 (Drp1;
fission), and human fission protein 1 (hFisl; fission). It ap-
pears that mitochondrial morphology is cell-type specific and
linked to the respiratory activity of the mitochondrial electron
transport chain (ETC) (47). The latter sustains the inward-
directed proton motive force (PMF) across the mitochondrial
inner membrane (MIM) and consists of a chemical (ApH) and
electrical component (mitochondrial membrane potential
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Innovation

Our results support a model (Fig. 7) in which 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydro-fluorescein (CM-
H,DCF) oxidizing signaling reactive oxygen species
(sROS; and/or their downstream products) control mito-
chondrial morphology in a glutathione- and mitofusin-
dependent manner. Trolox lowers these sROS levels,
thereby stimulating mitochondrial filamentation, oxidative
phosphorylation activity, and routine/maximal O, con-
sumption. In parallel, Trolox treatment reduces the inhi-
bition of sarcoplasmatic-endoplasmatic reticulum Ca**
ATPase (SERCAs) by CM-H,DCF-oxidizing sROS, possi-
bly via lowering endoplasmic reticulum (ER) lipid perox-
idation.  Alternatively, improved mitochondria-ER
tethering might facilitate the local supply of mitochondrial
ATP to the SERCA pumps. As a consequence, Trolox
treatment increases ER Ca®* content and the amplitude
and decay rate of hormone-induced cytosolic Ca** tran-
sients, which constitute an important second-messenger
signaling system.

[Ay]). A proper PMF is required for mitochondrial ATP gen-
eration by the F,F;-ATPase and a variety of other energy-
dependent processes such as metabolite/ion exchange with
the cytosol and the import of mitochondrial proteins encoded
by the nuclear DNA (27). Mitochondrial fragmentation is
often observed during pathological conditions and is as-
sociated with low cellular energy demand and ETC activity
(47). In contrast, high ETC activity was linked to the es-
tablishment of a mitochondrial reticulum or “hyperfused
network” (47). Evidence was provided that the fragmented
state allows mitophagy of individual organelles that are
damaged and/or energetically compromised (e.g., Refs. 39,
40), whereas filamentous mitochondria are spared from
degradation during autophagy, allowing the maintenance
of ATP production and cell survival (13). It was further
proposed that a highly interconnected mitochondrial net-
work protects from stochastic depletion of metabolic sub-
strates or mitochondrial DNA and facilitates the sharing/
transport of intra-mitochondrial constituents such as me-
tabolites, macromolecules, and antioxidants (31). Anti-
oxidant sharing appears to prevent oxidative stress in
filamentous mitochondria by making them less susceptible
to reactive oxygen species (ROS) (29).

ROS can be formed on the partial reduction of molecular
oxygen (O,) in various cell compartments (2) and include the
superoxide anion (O, 7) and hydrogen peroxide (H,O,). De-
pending on the concentration and lifetime of the particular
ROS involved, they can act as signaling molecules “sROS” or
induce oxidative stress when their levels exceed the capacity
of cellular antioxidant systems (3, 10, 22, 30, 48). Often, the
signaling and damaging pathways are intertwined when in-
creased ROS production triggers adaptive up-regulation of
ROS detoxifying homeostatic systems (e.g., 27, 37). The anal-
ysis of primary human fibroblasts from patients with an iso-
lated deficiency in the first ETC complex (CI) revealed that
greatly increased cellular ROS levels were associated with a
fragmented mitochondrial morphology (25). We proposed
that mitochondrial fragmentation occurs as a consequence of
very high ROS levels, which is compatible with other studies
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revealing that the extracellular application of H,O, and light-
induced oxidative stress induce mitochondrial fragmentation
(8, 18, 32, 49). Mechanistic evidence was presented which
stated that H,O, stimulates ubiquitin-mediated breakdown of
Mifn1/2 but not of hFisl in primary human skin fibroblasts
(33). If this is a general mechanism, then sROS levels in
healthy cells might also be involved in the regulation of
mitochondrial morphology, and the lowering of these ROS
levels should stimulate mitochondrial filamentation. On the
other hand, during hyperglycemic conditions, mitochondrial
fragmentation was strictly required for enhanced mitochon-
drial ROS production (50, 51), supporting a mechanism where
increased ROS production is a downstream consequence of
mitochondrial fragmentation.

Currently, it is unclear whether and how sROS play a role
in the regulation of mitochondrial morphology and function
in healthy cells. To address this question, one could increase
ROS levels throughout the cell by adding an extracellular
oxidant and studying the consequences of this maneuver on
mitochondrial and cellular physiology. However, the down-
stream cellular responses to ROS are a function of its subcel-
lular origin (28). Moreover, it is difficult to control the
intracellular ROS concentration by adding ROS exogenously.
The latter is important, as the chronic application of ex-
ogenous ROS (e.g., HO,) induces concentration-dependent
effects ranging from growth stimulation (3-15uM) to tem-
porary growth arrest (120-150 uM), permanent growth arrest
(250400 M), and necrotic cell death (=1 mM) (15). Another
aspect is that the cytotoxicity of H,O5 in cell cultures can vary
widely with incubation time and cell concentration, because
cells remove H,O; from the culture medium (15). To investi-
gate our hypothesis that lowering sROS levels in healthy
cells should stimulate mitochondrial filamentation and avoid
potential problems associated with the use of exogenous ox-
idants, we applied a “reverse” strategy here. The latter con-
sisted of studying the consequences of sROS level reduction
by exogenous application of the vitamin E analog Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a
widely used phenolic antioxidant (4, 38). Our results support
a model in which Trolox-sensitive sROS regulate mitochon-
drial mitofusin levels and thereby mitochondrial morphology
and function in healthy cells.

Results

Trolox reduces 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydro-fluorescein oxidation and cellular
lipid peroxidation but not hydroethidium oxidation

Trolox treatment of primary human skin fibroblasts did not
affect the oxidation rate of the ROS-sensor hydroethidium
(HEt) but lowered this parameter for the ROS-sensor 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydro-fluorescein (CM-
H,DCF; Fig 1A). This effect was paralleled by a lowering of
cellular lipid peroxidation (Fig. 1B) and a reduction in the
extent of oxidation of the thiol redox environment in the mi-
tochondrial matrix but not in the cytosol (Fig. 1C). Trolox did
not alter mitochondrial NAD(P)H levels (Fig. 1D).

Trolox stimulates mitochondrial filamentation

A computer-assisted analysis of mitochondrial mor-
phology revealed that Trolox increased the mitochondrial
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Hydroethidium (HEt) and 5-(and-6)-chloromethyl-2’,7"-dichlorodihydro-fluorescein (CM-H,DCF) oxidation,

lipid peroxidation, thiol redox status, and mitochondrial NAD(P)H levels in human skin fibroblasts treated with Trolox.
(A) Effect of Trolox on the rate of HEt and CM-H,DCF oxidation. (B) Effect of Trolox on cellular lipid peroxidation as
reflected by the fluorescence emission ratio between the green (oxidized) and red (reduced) forms of C11-BODIPY>81/51
(C11). (O) Effect of Trolox on the thiol redox status in the mitochondrial matrix (Mit) and cytosol (Cyt), as reported by a
redox-sensitive fluorescent protein (roGFP1). (D) Effect of Trolox on mitochondrial NAD(P)H autofluorescence. In this figure,
significant differences with vehicle (CT) are marked by *(p <0.05) and ***(p <0.001). Numerals (N) reflect the number of cells

analyzed in at least two independent experiments.

formfactor (F), which is a combined measure of mitochondrial
length and degree of branching, without altering the number
of mitochondria per cell (Nc; Fig. 2A, B). Culturing the cells in
the presence of 10nM (24) of the MIM-targeted antioxidant
mitoquinone (MitoQ) for 96 h did not significantly affect mi-
tochondrial morphology (Fig. 2A, B).

Trolox-induced mitochondrial filamentation
requires glutathione

The tripeptide glutathione (GSH) is an important deter-
minant of the thiol redox environment and is involved in
the recycling of Trolox radicals (34). We previously dem-
onstrated that the inhibition of GSH synthesis by L-
buthionine-(S,R)-sulphoximine (BSO; 12.5uM, 72h) shifts
the cytosolic and mitochondrial thiol redox environment
toward a fully oxidized state in human skin fibroblasts (43).
Here, BSO not only fully prevented the Trolox-induced in-
crease in F but even decreased this parameter (Fig. 2A, B).
Moreover, Nc increased in cells treated with Trolox+ BSO.
These results suggest that a shift in the cytosolic and mi-
tochondrial thiol redox environment toward a more oxi-
dized state stimulates mitochondrial shortening and that
Trolox-induced stimulation of mitochondrial filamentation
requires GSH.

Trolox increases mitochondrial Mfn2 protein levels

Changes in mitochondrial morphology are mediated by
the action of dynamin-related GTPases, including mitofu-
sins, Drpl, and hFisl. Western blot analysis of mitochon-
dria-enriched fractions revealed that Trolox increased the
mitochondrial level of Mfn2 in primary human skin fibro-
blasts without affecting these levels for Drp1 and hFis1 (Fig.
3A, B). Trolox similarly affected mitochondrial morphology
(Fig. 3C, D) and Mfn2 expression (Fig. 3E, F) in Chinese
Hamster Ovary (CHO) cells. These results suggest that the
Trolox-induced increase in mitochondrial filamentation is

mediated by Mfn2 and is not an exclusive feature of pri-
mary human skin fibroblasts.

Trolox-induced mitochondrial filamentation
requires mitofusins

To dissect the role of the two mitofusin isoforms (Mfn1 and
Mifn2) in Trolox-induced mitochondrial filamentation, we de-
termined the effect of Trolox treatment on mitochondrial
morphology (Fig. 4A, B) in immortalized wild-type (wt) mouse
embryonic fibroblasts (MEFs) and cells lacking both Mfn1 and
Mfn2 (mitofusin 1 and 2 double knockout [Mfir1 =/~ Mfin2~/~]),
Mfnl (Mfnl /"), or Mfn2 (Mfn2~/7). In wt MEFs, Trolox
treatment greatly increased F (Fig. 4C) and reduced Nc (Fig.
4D), which is compatible with increased mitochondrial fila-
mentation and fusion. Trolox did not affect Ay in wt MEFs (Fig.
4E). Mfn1l -/ "anZ"/ ~ MEFs displayed a reduced F and Nc as
well as Ay hyperpolarization, all of which were not substan-
tially affected by Trolox (Fig. 4C-E). Mfi11 ~/~ MEFs displayed
a reduced F and an increased N¢, indicative of massive mito-
chondrial fragmentation, which was not normalized by Trolox.
In contrast, Ay hyperpolarization in Mfin1 /™ cells was restored
to wtlevel by Trolox treatment. In case of Mfin2 =/~ MEFs, F was
reduced relative to wt cells, albeit to a lesser extent than for
Mfn1~/~Mfn2~/~ and Mfn1 '~ cells (Fig. 4C); whereas Nc was
not affected (Fig. 4D). On Trolox treatment, the reduced F and
Ay hyperpolarization were fully normalized to wt level in
anZf/ ~ MEFS, whereas Nc was not affected. Taken together,
the data presented in Figures 3 and 4 demonstrate that the
Trolox-induced stimulation of mitochondrial filamentation
requires the presence of mitofusins.

Mitochondrial fragmentation is not by default
associated with increased ROS levels

The fact that Trolox reduces the levels of CM-H,DCF oxi-
dizing ROS and stimulates mitochondrial filamentation in a
mitofusin-dependent manner suggests that Trolox-sensitive
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FIG. 2. Effect of anti- and pro-oxidants on mitochondrial structure in human skin fibroblasts. (A) Typical examples of

background-corrected confocal images (COR; upper row) and their binarized equivalents (BIN; lower row) highlighting mi-
tochondrial structure (white objects) in human skin fibroblasts stained with rhodamine 123. Cells were cultured in the presence
of vehicle (CT), the mitochondrial inner membrane-targeted antioxidant MitoQ (CT +MitoQ), the antioxidant Trolox (CT +
Trolox), the GSH-synthesis inhibitor L-buthionine-(S,R)-sulphoximine (BSO) (CT +BSO), or BSO and Trolox together (CT +
BSO +Trolox). (B) Quantification of the effect of the different treatments on mitochondrial length and degree of branching
(reflected by the formfactor F), and the number of mitochondria per cell (represented by Nc). In this figure, significant
differences with CT are marked by ***(p<0.001). Numerals (N) reflect the number of cells analyzed in at least two inde-

pendent experiments.

sROS are upstream regulators of mitochondrial morphology.
However, Trolox might also directly stimulate mitochondrial
filamentation, thereby reducing CM-H,DCF oxidizing ROS
levels. This suggests that mitochondrial fragmentation should
increase these levels. To investigate this hypothesis, we de-
termined whether forced mitochondrial fragmentation af-
fected the level of CM-H,DCF oxidizing ROS in an inducible
Drpl-expressing HeLa cell line. Drpl induction increased
cellular Drpl amounts by 60% (Supplementary Fig. S1A, B;
Supplementary Data are available online at www
Jiebertpub.com/ars), accompanied by a decrease in F and an
increase in Nc, which are indicative of mitochondrial frag-
mentation (Supplementary Fig. S1C, D). However, the levels
of CM-H,DCF oxidizing ROS did not differ between non-
induced and induced cells (Supplementary Fig. S1E), dem-
onstrating that mitochondrial fragmentation not necessarily

leads to increased levels of these ROS. Combined with our
data presented thus far, these findings support a model in
which CM-H,DCF oxidizing sROS can act as upstream reg-
ulators of mitochondrial morphology.

Trolox stimulates routine and maximal O, consumption
in intact cells

We next determined whether Trolox affected mitochon-
drial respiratory chain function in situ by assessing O,
consumption in intact fibroblasts using high-resolution res-
pirometry (Fig. 5A). In Trolox-treated cells, routine (R) and
maximal O,-consumption (E) was significantly increased,
whereas leak (L) and minimal O,-consumption (ROX) was not
affected. Subsequent addition of the specific CIII inhibitor
antimycin A (2.5 uM) did not further reduce ROX (not shown).
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FIG. 3. Effect of Trolox on the expression of mitochondrial fusion and fission proteins in human skin fibroblasts and
Chinese Hamster Ovary (CHO) cells. (A) Typical Western blots of mitochondria-enriched fractions showing the expression
of the mitochondrial fusion protein Mfn2 («-Mfn2), the fission proteins Drp1l (a-Drp1) and hFisl («-hFis1), and mitochondrial
porin (o-porin) in vehicle- (CT) and Trolox-treated human skin fibroblasts. The two bands for Drpl represent the brain (upper
band) and ubiquitous (lower band) isoform. (B) Quantitative analysis of Mfn2, Drp1, hFis1, and Porin levels in Trolox-treated
human skin fibroblasts. Expression levels are represented by the ratio between the Trolox-treated and CT condition. (C)
Typical examples of background-corrected confocal images (COR; upper row) and their binarized equivalents (BIN; lower row)
highlighting the mitochondrial structure (white objects) in CHO cells stained with rhodamine 123. CT-CHO and CT-CHO+
Trolox indicate vehicle-treated and Trolox-treated cells, respectively (D) Quantification of the effect of Trolox treatment on
mitochondrial length and degree of branching (reflected by the formfactor F), and the number of mitochondria per cell
(represented by Nc) in CHO cells. (E) Same as panel A, but now for CHO cells. (F) Same as panel B, but now for CHO cells. In
this figure, significant differences between the CT- and Trolox-treated condition are marked by *(p <0.05). Numerals (N)
reflect the number of independent blots (B and F) or the number of individual cells (D) analyzed in at least two different
experiments.

Compatible with the results in wt MEFs (Fig. 4E), Trolox
treatment did not affect Ay in primary human skin fibroblasts
(7) (Fig. 5B).

Trolox stimulates the maximal activity of citrate synthase
and mitochondrial oxidative phosphorylation enzymes

To establish whether Trolox affected the maximal activity
(Vmax) of key mitochondrial enzymes, we quantified this pa-
rameter for the tricarboxylic acid -cycle enzyme citrate syn-
thase (CS; Fig. 5D) and the five oxidative phosphorylation

Trolox differentially increases the protein levels of fully
assembled oxidative phosphorylation complexes

Increased routine and maximal O,-consumption are com-
patible with our previous result that Trolox increases the
amount and in-gel activity of fully assembled mitochondrial
CI in healthy human skin fibroblasts (23). Using native gel
electrophoresis, we observed here that Trolox treatment does
not alter the levels of fully assembled CII and CIII, whereas it
slightly increases these levels for CIV and CV (Fig. 5C).

(OXPHOS) complexes (Fig. 5E-I; CI-CV). Trolox increased the
activity of CS and the OXPHOS enzymes by ~50%, demon-
strating that the Trolox-induced increase in activity is not CI
specific. Plotting the Trolox-induced increase in Vi, as a
function of the increase in expression of the fully assembled
complexes (Fig. 5C) revealed a linear correlation for CI (23),
and possibly CV; whereas the activity of CII, CIII, and CIV
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FIG. 4. Effect of Trolox on mitochondrial structure and mitochondrial membrane potential (A\y) in wild-type (wt) and
mitofusin knockout cells. (A) Typical examples of background-corrected and binarized microscopy images highlighting mito-
chondrial structure (white objects) in mouse embryonic fibroblasts (MEFs) stained with tetramethyl rhodamine methyl ester (TMRM).
Wild-type (wt), mitofusin 1 and 2 double knockout (Mfn1 /= Mfn2 ~/7), mitofusin 1 knockout (Mfn1 ~/7), and mitofusin 2 knockout
(Mfn2~/") MEFs are shown. The upper and lower rows depict vehicle- and Trolox-treated cells, respectively. (B) Magnification of
single cells in panel A for each condition. (C) Effect of Trolox treatment on mitochondrial length and degree of branching (reflected by
the formfactor F). (D) Effect of Trolox treatment on the number of mitochondria per cell (Nc). (E) Effect of Trolox treatment on the
average A, as reflected by mitochondrial TMRM intensity. In this figure (C-E), significant differences with the indicated condition
(a, b, ¢, d, e) are marked by **(p<0.01) and ***(p <0.001). The number of cells analyzed in two independent experiments equals: 96
(wt+vehicle), 104 (wt+Trolox), 127 (Mfnl™'~ Mfn2 =/~ 4+ vehicle), 95 (Mfn1 -/ “Mfn2 =/~ +Trolox), 103 (Mfnl =/~ 4 vehicle), 87
(Mfin1 ™/~ +Trolox), 112 (Mfn2 ™'~ +vehicle), and 80 (Mfin2 '~ +Trolox).



SIGNALING BY TROLOX-SENSITIVE ENDOGENOUS ROS

increased supralinear (Fig. 5]). This suggests that Trolox
treatment stimulates the activity of CI, and possibly CV, by
increasing their protein levels; whereas it stimulates CII,
CIIIL, and CIV activity without affecting these levels.

Trolox does not induce major changes
at the transcriptional level

To determine whether the observed Trolox-induced cellu-
lar changes were mediated by alterations at the tran-
scriptional level, the latter were quantified in vehicle- and
Trolox-treated fibroblasts using microarray analysis (three
independent experiments). Statistical analysis revealed no
significant changes (Supplementary Fig. S2A). Pathway
analysis of the genes with at least a twofold increase (18 genes)
or decrease (22 genes) in expression highlighted minor
changes in four metabolic pathways (Supplementary Fig.
S2B). In agreement with this analysis, Western blotting of the
samples used for the microarray revealed lower cellular pro-
tein levels of three gene products that were common to these
pathways (glycogen synthase 1 [GYS1], aldolase C, fructose-
bisphosphate [ALDOC], and enolase 1 [ENO1]; Supplemen-
tary Fig. S2C).

Trolox affects cytosolic Ca®* handling

Given the importance of mitochondrial structure and mi-
tofusins in cellular Ca®* signaling (5), we finally determined
how Trolox treatment affected hormone-induced cytosolic
Ca®* transients. As just demonstrated, Trolox lowers the
levels of CM-H,DCF oxidizing ROS in primary human skin
fibroblasts. Previous experiments revealed that H,O, stimu-
lates CM-H,DCF oxidation in this cell type (12, 21). This
suggests that Trolox and H,O, act antagonistically on the
levels of CM-H,DCF oxidizing ROS, thereby affecting Ca%*
homeostasis. To investigate the interplay between Trolox,
H,0,, and cytosolic Ca%* handling, we here cultured fibro-
blasts in the presence of vehicle (CT) or Trolox and then in-
cubated them for 1h in the absence or presence of different
concentrations of H,O, (Fig. 6A). Subsequently, Ca®* release
from the endoplasmic reticulum (ER) was triggered by ap-
plication of the hormone bradykinin (46) and the kinetics
of the cytosolic Ca®* transient were analyzed (Fig. 6B).
We avoided applying very high H,O, concentrations (i.e.,
>300 uM), as these induced acute cell shrinkage. To match the
maximal H,O; concentration, an equimolar concentration of
Trolox (300 uM) was used. By itself (Fig. 6B), HO, did not
affect the amplitude (Fig. 6D) but reduced the rate of decay
(Fig. 6E) of the cytosolic Ca®* transient. In the absence of
H,0,, Trolox increased the amplitude and rate of decay (Fig.
6C). These increases were dose dependently antagonized by

Discussion

ROS can function as signaling molecules (sSROS) when their
levels are below those that trigger oxidative stress (3, 10, 15,
22, 30, 42, 48). Here, we used the antioxidant Trolox to in-
vestigate the hypothesis that sROS regulate mitochondrial
morphology and function in healthy cells. Our findings sup-
port a model in which Trolox-sensitive sSROS regulate mito-
chondrial mitofusin levels and thereby mitochondrial
morphology and function (Fig. 7).
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Nature of the Trolox-sensitive sSROS

Trolox did not affect HEt oxidation but lowered CM-
H,DCF oxidation and cellular lipid peroxidation. This
demonstrates that HEt and CM-H,DCF are oxidized by
different types of ROS and suggests that CM-H,DCF oxi-
dizing sROS induce cellular lipid peroxidation and mediate
the downstream effects of Trolox. Acute H,O, application
increased the rate of CM-H,DCF oxidation, whereas both
acute and chronic Trolox treatment reduced this rate (9, 12,
21, 23). Similarly, Trolox (this study) and H,O, (11) de-
creased and increased cellular lipid peroxidation, respec-
tively. These findings suggest that H,O, is responsible for
CM-H,DCF oxidation and lipid peroxidation. However, in a
cell-free system, H,O, was unable to stimulate CM-H,DCF
oxidation (16). Instead, the latter was enhanced by the
presence of horseradish peroxidase, Fe(Il), catalase, copper-
zinc superoxide dismutase (CuZnSOD), xanthine oxidase,
peroxinitrite (ONOO ™), or nitric oxide (e.g., 16, 19). In intact
cells, it was demonstrated that the overexpression of the
O, “detoxifying enzyme CuZnSOD enhanced H,0,-
induced CM-H,DCF oxidation (20), suggesting that cells
contain catalysts, such as transition metal ions, heme per-
oxidases, and/or SODs that allow H,O, to indirectly
stimulate CM-H,DCF oxidation. In the light of what has
just been stated, it is unlikely that H,O, directly oxidizes
CM-H,DCF inside human skin fibroblasts. Therefore, we
conclude that Trolox acts on H,O,-derived, CM-H,DCF
oxidizing, ROS. Trolox treatment induced a less oxidized
thiol redox environment in the mitochondrial matrix
without affecting this parameter in the cytosol. GSH is the
most important determinant of the thiol redox environment
(36), and H,O, removal is GSH dependent (22). The GSH
neo-synthesis inhibitor BSO induced mitochondrial frag-
mentation and prevented the Trolox-induced increase in
mitochondrial filamentation. A previous study revealed
that Trolox radicals can act as pro-oxidants when not
properly recycled by GSH (34). These data suggest that
GSH is necessary for the Trolox-induced effects on mito-
chondrial morphology.

Trolox stimulates mitofusin-mediated
mitochondrial filamentation

A key finding of this study is that Trolox stimulates mito-
chondrial filamentation and increases the protein levels of
mitochondria-attached Mfn2 without altering the levels of
Drpl and Fisl. The fact that identical phenomena were ob-
served in CHO cells demonstrates that this effect is not fi-
broblast specific. An analysis of mitofusin KO cells
demonstrated that Trolox-induced mitochondrial filamenta-
tion is mediated by mitofusins. Mechanistically, Trolox-
sensitive sSROS might not only act directly but could also affect
mitofusin stability by the peroxidation of mitochondrial lipids
(39). The latter hypothesis is supported by our result that the
expression of mitochondrial fission/fusion genes was not
affected by Trolox. We further demonstrate that the induction of
mitochondrial fragmentation by Drpl overexpression does not
stimulate CM-H,DCF oxidation, suggesting that increased lev-
els of CM-H,DCF oxidizing ROS are not a de facto consequence
of mitochondrial fragmentation. A recent conceptual model by
Westermann (47) proposes that mitochondria can exist in
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FIG. 5.

Effect of Trolox on cellular oxygen consumption, A\, expression of fully assembled oxidative phosphorylation

(OXPHOS) complexes and maximal activity of citrate synthase (CS), and OXPHOS complexes in human skin fibroblasts.
(A) Analysis of O, consumption in vehicle- (CT) and Trolox-treated cells and the effect of the CV inhibitor oligomycin (OLI),
the mitochondrial uncoupler FCCP, and the CI inhibitor rotenone (ROT). Capital letters indicate routine (R), leak (L),
maximal (E), and minimal (ROX) O, consumption. (B) Average Ay, as reflected by mitochondrial TMRM intensity. (C)
Expression of fully assembled CI to CV, as revealed by blue-native (BN) PAGE electrophoresis of mitoplasts isolated from
vehicle (CT)- and Trolox-treated cells (CT+Trolox). The bar graphs indicate the Trolox-induced change in expression. (D)
Effect of Trolox on CS activity. (E) Effect of Trolox on CI activity. (F) Effect of Trolox on CII activity. (G) Effect of Trolox on
CIII activity. (H) Effect of Trolox on CIV activity. (I) Effect of Trolox on CV activity. (J) Relationship between the Trolox-
induced increase in expression of the fully assembled complex and maximal activity for CI-CV (data taken from panels C to
I). The dotted line represents a proportional increase in expression and activity. In this figure, significant differences between
CT- and the Trolox-treated condition are marked by **(p<0.01) and ***(p <0.001). Numerals (N) represent the number of
individual assays (A and D-I), cells (B) or independent experiments (C).
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FIG. 6. Effect of Trolox and
hydrogen peroxide (H,O,)
on hormone-induced cal-
cium transients in human
skin fibroblasts. (A) Cell in- A
cubation protocol for analyz-
ing the effects of Trolox and
hydrogen peroxide (H,O,) on
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three morphological states: (I) a “fragmented state” (low
respiratory activity); (II) a “normal state” (“normal” respi-
ratory activity); and (III) a “hyperfused” state (high respi-
ratory activity). Compatible with this model, our current
results suggest that the lowering of Trolox-sensitive CM-
H,DCF-oxidizing sROS stimulates the transition from state
II to state III in healthy human fibroblasts. The Westermann
model is also compatible with our results in patient fibro-
blasts with mitochondrial complex I deficiency (25), where
we observed that greatly increased levels of Trolox-sensitive
CM-H,DCF-oxidizing ROS are associated with mitochon-
drial fragmentation (i.e., the transition from state II to state
I). This suggests that normal levels of Trolox-sensitive CM-
H,DCF-oxidizing sROS are associated with the “normal
morphological state,” reduced levels of sSROS with the “hy-
perfused morphological state,” and increased levels of sSROS
with the “fragmented state.” In this way, cell-controlled
changes in sROS levels (for instance, by altering the balance
between their production and detoxification) would allow
the (co)regulation of mitochondrial morphology, OXPHOS
function, and cytosolic calcium handling.
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Trolox increases cellular O, consumption
and mitochondrial enzyme activity

Trolox-treated cells displayed a normal leak O, consump-
tion, normal mitochondrial NAD(P)H levels, normal Ay, but
an increased routine O, consumption. This suggests that in
Trolox-treated cells, a new metabolic equilibrium is estab-
lished in which mitochondrial ATP production is increased.
Although microarray analysis revealed no significant chan-
ges, combined pathway analysis and Western blot analysis
suggests that precursor/energy generation, as well as glu-
cose, hexose, and monosaccharide metabolism are somewhat
down-regulated in Trolox-treated cells. The latter is compat-
ible with a slight shift from glycolytic ATP production to
mitochondrial (i.e., OXPHOS-mediated) ATP production. The
increased routine and maximal O, consumption in Trolox-
treated cells can be explained by the fact that both CS and
the OXPHOS complexes displayed an increased maximal
activity. Alternatively, evidence has been provided that Mfn2
is directly involved in substrate oxidation and the expression
regulation of OXPHOS proteins (52). Trolox increased the
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FIG. 7. Regulation of mitochondrial morphology and
OXPHOS by Trolox-sensitive endogenous signaling reac-
tive oxygen species (sSROS). Trolox reduces the levels of
endogenous CM-H,DCF oxidizing signaling ROS (sROS) but
not HEt oxidizing sROS in a glutathione (GSH)-dependent
manner. This leads to increased levels of mitochondria-
attached mitofusins and ensuing mitochondrial filamenta-
tion. The latter is associated with increased OXPHOS activ-
ity, O, consumption, and sarcoplasmatic-endoplasmatic
reticulum Ca?* ATPase (SERCA) action, thereby affecting
cellular calcium handling (see Discussion for details).

expression of fully assembled CI, CIV, and CV; whereas the
expression of CII and CIII was not affected. Moreover, mi-
croarray analysis revealed that the expression of CS and
OXPHOS genes was not stimulated by Trolox. These re-
sults suggest that mitochondrial membrane-embedded or
-attached proteins are directly affected by Trolox with regard
to their maximal catalytic activity (CS, CI, CII, CIII, CIV, and
CV) and/or stability (CI, CIV, and CV). Mechanistically, the
direct Trolox effect might be related to the observation that
Trolox can repair proteins which have been oxidized by ROS
(4). In addition, Trolox prevented the degradation of cardio-
lipin (41), a mitochondria-specific lipid involved in OXPHOS
complex/super-complex formation (17).

Trolox alters cytosolic Ca®* handling
in hormone-stimulated cells

Trolox increased the amplitude and rate of decay of brady-
kinin-induced cytosolic Ca>* transients. Using primary human
skin fibroblasts, we have established (45, 46) that this amplitude
is a measure of ER Ca”* content (ERCa), whereas the rate of
decay reflects ATP-dependent Ca®* uptake into the ER by the
sarcoplasmatic-endoplasmatic reticulum Ca®* ATPase (SER-
CA). In this sense, our current results agree with our previous
finding that Trolox increases ERCa (7). We previously observed
that the Ca®*-stimulated maximal mitochondrial ATP pro-
duction was not affected in Trolox-treated primary human
skin fibroblasts (7), suggesting that SERCA fueling with
mitochondria-derived ATP is not increased by Trolox. However,
mitofusins are important in the physical tethering and functional
coupling of mitochondria and the ER (5). So, increased mitofusin
expression might reduce the distance between the ER and mi-
tochondria, allowing a more efficient local ATP delivery from
mitochondria to SERCA pumps in Trolox-treated cells. The latter
could explain the higher rate of SERCA-mediated Ca”>* decay in
Trolox-treated cells. Trolox and H,O, displayed opposite effects
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on CM-H,DCF-oxidation, and Trolox-induced changes in Ca%*
dynamics were dose-dependently antagonized by H,O,. This
suggests that Trolox-sensitive, CM-H,DCF oxidizing, ROS play
a role in controlling ERCa. The latter hypothesis is compatible
with our previous analysis of primary fibroblasts from patients
with isolated CI deficiency, which revealed a negative correla-
tion between the levels of H,DCF-oxidizing ROS and ERCa (7).
It is also supported by experiments which demonstrate that
H,O, dose-dependently reduces ER Ca%* uptake through
SERCA inhibition, possibly due to the enhanced peroxidation of
the ER membrane (14). The latter is compatible with our current
observation that Trolox reduces oxidation of the lipid perox-
idation sensor C11, which also resides in ER membranes (11).
Alternatively, CM-H,DCF-oxidizing ROS might prevent the
influx of Ca®* across the plasmamembrane during Bk-induced
Ca®" release from the ER (capacitative Ca®* entry [CCE]). This
would mean that Trolox treatment increases CCE during hor-
mone stimulation, thereby increasing the amplitude of the cy-
tosolic Ca®* transient. However, the presence or absence of
extracellular Ca®* did not affect the kinetics of Bk-induced Ca**
signals (46), and basal levels of endogenous ROS and Trolox did
not affect Ca>* entry across the plasma membrane on hormone-
induced ER Ca" release in vascular endothelial cells (9). This
argues against the modulation of CCE by CM-H,DCF-oxidizing
sROS.

Materials and Methods
Cell culture and enzyme activity measurements

Control (CT) human skin fibroblasts (#5120) were obtained
from a healthy individual. Biopsies were performed following
informed consent and according to the relevant Institutional
Review Boards. Fibroblasts were cultured as previously de-
scribed (6). CHO cells, HeLa cells, and immortalized MEFs
were cultured as described in the Supplementary Materials
and Methods. Trolox was dissolved in ethanol and added to
the culture medium. Unless otherwise stated, the cells were
cultured in the presence of vehicle- or Trolox (0.5 mM, 96 h) in
a humidified atmosphere (95% air, 5% CO,) at 37°C. The ac-
tivity of mitochondrial enzymes was determined as previ-
ously described (35).

Determination of ROS levels, lipid peroxidation, A\,
NAD(P)H levels, thiol redox state, and Ca®* dynamics

Levels of cellular ROS were determined by quantifying
the oxidation rate of CM-H,DCF (Invitrogen) and HEt
as previously described (11, 24, 43, 44). An analysis of cel-
lular lipid peroxidation was performed by measuring the
green (oxidized) to red (reduced) fluorescence ratio of C11-
BODIPY®81/%1 (C11; Invitrogen) as previously described (11,
24, 43). Mitochondrial tetramethyl rhodamine methyl ester
(TMRM; Invitrogen) staining was used to estimate Ay;
staining with TMRM or rhodamine 123 (Invitrogen) was
used to quantify mitochondrial morphology. The TMRM
and R123 approaches were previously described in detail (6,
24, 26). Measurements of mitochondrial NAD(P)H auto-
fluorescence were carried out as described earlier (43). Mi-
tochondrial and cytosolic redox state was quantified using a
redox-sensitive GFP (roFGP1) as previously described (43).
Cytosolic-free Ca®" levels were quantified as described in
the Supplementary Materials and Methods.
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High-resolution respirometry

Cellular O, consumption was measured as described in the
Supplementary Materials and Methods.

Western blotting of mitochondria-enriched fractions
and whole cell homogenates

Mitochondria-enriched fractions were prepared (see Sup-
plementary Materials and Methods), and exactly 20 ug of pro-
tein was loaded on a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (PAGE) gel for each condition. Proteins were
transferred onto PVDF membranes (Millipore) using a Biorad
blotting system. Blots were incubated with monoclonal primary
antibodies against Mfn2 (Sigma), dynamin-related protein 1
(DlIp1/Drp1; BD Biosciences), hFis1 (Imgenics), and mitochon-
drial porin (Calbiochem). A fluorescent secondary antibody
was used, which was detected using an Odyssey Imaging sys-
tem (Li-Cor). Western blotting of whole cell homogenates was
performed as described in the Supplementary Materials and
Methods.

Blue-native PAGE electrophoresis of OXPHOS
complexes in mitochondria-enriched fractions

Blue-native PAGE analysis of mitoplasts was performed as
previously described (23, 44).

Gene expression profiling and pathway analysis

Independent cell cultures of vehicle- (N=3) and Trolox-
treated (N=3) fibroblasts were used to isolate mRNA, and
gene expression was analyzed using an Affymetrix Gene-
Chip Human Exon 1.0 ST array containing all known
human genes (Affymetrix, Inc.), according to the manu-
facturer’s instructions (see Supplementary Materials and
Methods).

Image processing and data analysis

Image processing was performed using Image Pro Plus 6.3
software (Media Cybernetics). Data analysis was carried out
using Origin Pro 6.1 (OriginLab Corp.). Averages are pre-
sented as the mean + standard error of the mean, unless stated
otherwise. Statistical differences were determined using ei-
ther a two-population or a one-population Student’s t-test
(Bonferroni corrected).
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Abbreviations Used

Ay = mitochondrial membrane potential
ALDOC =aldolase C, fructose-bisphosphate
BN = blue-native
BSO = L-buthionine-(S,R)-sulphoximine
CCE = capacitative Ca”" entry
CHO = Chinese Hamster Ovary
CM-H,DCF = 5-(and-6)-chloromethyl-2",7’-
dichlorodihydro-fluorescein
CS = citrate synthase
CuZnSOD = copper-zinc superoxide dismutase
Drpl = dynamin-related protein 1
ENO2 = enolase 2
ER = endoplasmic reticulum
ERCa =ER Ca”" content
ETC = electron transport chain
F = mitochondrial formfactor
GSH = glutathione
GYS1 = glycogen synthase 1
HEt = hydroethidium
hFisl = human fission protein 1
H,O, =hydrogen peroxide
MEF = mouse embryonic fibroblasts
Mfn1 = mitofusin 1
Mfn1~/~ =mitofusin 1 knockout
Mfn2 = mitofusin 2
Mfn2~/~ = mitofusin 2 knockout
Mfn1~/~Mfn2~/~ = mitofusin 1 and 2 double knockout
MIM = mitochondrial inner membrane
MitoQ = mitoquinone
Nc=number of mitochondria per cell
OXPHOS = oxidative phosphorylation
PAGE = polyacrylamide gel electrophoresis
PMF = proton motive force
SERCA = sarcoplasmatic-endoplasmatic reticulum
Ca?* ATPase
sROS = signaling reactive oxygen species
TMRM = tetramethyl rhodamine methyl ester




