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Is Antioxidant Potential of the Mitochondrial 
Targeted Ubiquinone Derivative MitoQ Conserved in 

Cells Lacking mtDNA?
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ABSTRACT

MitoQ has been developed as a mitochondrial targeted antioxidant for diseases associated with oxidative stress.
Here we show that MitoQ blocks the generation of reactive oxygen species (ROS) and mitochondrial protein
thiol oxidation, and preserves mitochondrial function and ultrastructure after glutathione (GSH) depletion.
Furthermore, the antioxidant effect of MitoQ is conserved in cells lacking mitochondrial DNA, indicating that
its antioxidant properties do not depend on a functional electron transport chain (ETC). Our results eluci-
date the antioxidant mechanism of MitoQ and suggest that it may be a useful therapeutic for disorders asso-
ciated with a dysfunctional ETC and increased ROS production. Antioxid. Redox Signal. 10, 651–660.
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MITOCHONDRIAL MEMBRANE
PERMEABILIZATION REGULATES 

CELL DEATH

MITOCHONDRIA ARE PRINCIPAL SITES of intracellular reac-
tive oxygen species (ROS) production and play an im-

portant role in cell death, which occurs when their membranes
become permeabilized. Mitochondria possess two discrete
membrane systems and both membranes can be involved in the
permeabilization process. Whereas mitochondrial outer mem-
brane permeabilization involves proteins of the Bcl-2 family
and often leads to programmed cell death by apoptosis, inner
membrane permeabilization is associated with the mitochondr-
ial permeability transition (MPT) and cell death by necrosis (3).
Although the MPT is a well-studied phenomenon, both its struc-
ture and regulation are controversial. One key factor regulating
the MPT is the cellular redox environment (4, 10, 23), which
is, in part, controlled by the tripeptide glutathione (GSH). Cel-
lular depletion of GSH creates an increasingly oxidized envi-
ronment in both the cytosol and the mitochondria with increased

formation of mitochondrial ROS leading to mitochondrial per-
meabilization and cell death (4).

DEVELOPMENT OF MITOCHONDRIAL
TARGETED UBIQUINONE DERIVATIVES

AS ANTIOXIDANTS

Over recent years, a variety of pharmacological antioxidant
strategies has been developed aimed at blocking ROS produc-
tion in diseases where GSH levels are often found to be de-
creased (26). A number of these approaches are based on the
use of the lipid-soluble antioxidant compound coenzyme Q
(CoQ10), a redox component of the mitochondrial electron
transport chain (ETC). The antioxidant properties of CoQ10 de-
pend, in part, on its redox-cycling from the oxidized
(ubiquinone) form to the reduced (ubiquinol) form by the ETC
(7, 11). However, the poor solubility of CoQ10 has precluded
its general use and led to the development of shorter chain anti-
oxidant CoQ10 derivatives, including the synthetic compound
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idebenone (6-(10-hydroxydecyl)-2,3-dimethoxy-5-methyl-1,4-
benzoquinone) and decylubiquinone (dUb) (12). To increase the
specificity of targeting the antioxidant to the site of ROS pro-
duction, mitochondrial targeted analogs of dUb, including the

compound MitoQ, a triphenylphosphonium linked ubiquinone
derivative, have been developed (21). MitoQ concentrates sev-
eral hundred-fold within mitochondria, due to the large mito-
chondrial membrane potential (��m), with its alkyl chain in-
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FIG. 1. MitoQ blocks oxidative stress after DEM treatment in both �� and �0 cells. (A) Mean oxygen consumption rate
of parental CEM cells compared to cells treated with 50 ng/ml EtBr at week 0, 1, 2, 3, and 4. The data are expressed as mean �
SEM (n � 3). (B) Western blot analysis of expression of cytochrome oxidase subunit II (COX II) in �� and �0 cells. �-actin was
used as loading control. (C) �� and �0 cells (7 � 105/ml) were treated with DEM � MitoQ for 0, 30, 60, and 90 min, washed
in PBS, and suspended in PBS containing 10 mM glucose. Cells were loaded with 10 �M DCFDA for 15 min and mean DCF
fluorescence (a.u.) recorded by FACS using FITC channel are shown as bar graphs. Representative example from at least three
independent experiments. In each analysis, 10,000 events were recorded. Data are expressed as mean � SEM (n � 3). (D) ��

and �0 cells (7 � 105/ml) were treated with RPMI (control) or DEM � MitoQ for 90 min and DTNB reactive protein thiols in
whole cell lysate (left panel) and mitochondrial fraction (right panel) were measured using Ellman’s method and shown as bar
graphs. Data are expressed as mean � SEM (n � 3).
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serted into the hydrophobic core of the inner membrane (27).
The selective accumulation of MitoQ in mitochondria and its
continual recycling by mitochondrial enzymes, including those
of the ETC, have been suggested to make MitoQ a significantly
more potent antioxidant than nontargeted antioxidants (20). In
agreement with this, MitoQ has been shown to be cardiopro-
tective in an ex vivo model of ischemia-reperfusion injury (1)
and to protect against GSH-dependent oxidative stress in fi-
broblasts from patients with the neurodegenerative disorder
Friedreich ataxia (15). Since defective mitochondrial DNA
(mtDNA) and increased oxidative stress are common features
of various neurodegenerative diseases, MitoQ may be a poten-
tially useful therapeutic antioxidant (17). However, the antiox-
idant mechanism of MitoQ is not well understood and it is not
known whether the compound’s antioxidant potential is con-
served in cells with defective mtDNA and dysfunctional ETC.

MITOQ BLOCKS ROS GENERATION, BUT
NOT GSH DEPLETION, AFTER DEM
TREATMENT IN �� AND �0 CELLS

To investigate the antioxidant mechanism of MitoQ, we
used diethylmaleate (DEM) to deplete GSH from parental hu-
man leukemic CEM cells (��) and from CEM cells lacking
mtDNA (�0). �0 cells were generated by treating the parental
CEM �� cells with 50 ng/ml ethidium bromide (EtBr) for �4
weeks. Figure 1A shows mean oxygen consumption rate of
parental cells and cells continuously treated with EtBr at week
0, 1, 2, 3, and 4. Results show that after EtBr treatment for
4 weeks, oxygen consumption was decreased �90% (p �
0.05), indicating that the ETC was significantly compromised
in these cells. A representative immunoblot of cytochrome
oxidase subunit II (COX II) protein expression also shows
that in �0 cells the COX II subunit, which is encoded by
mtDNA, showed �90% decreased expression (Fig. 1B), in-
dicating a significant reduction in the mtDNA content of the
�0 cell line which corresponded with the relative level of
KCN-sensitive oxygen consumption that was observed in
these cells.

GSH and GSSG (oxidized form of glutathione) levels and
GSH redox potential (Eh) were determined on aliquots of ��

and �0 cells treated with DEM � MitoQ. DEM treatment for

30 min significantly reduced total GSH levels in �� cells (from
65.1 � 14.8 to 0.2 � 0.06 nmol/mg protein, p � 0.05) and �0

cells (from 68.9 � 5.1 to 0.3 � 0.07 nmol/mg protein, p �
0.05). Pretreatment of MitoQ did not prevent DEM-induced
GSH depletion since GSH levels were 0.4 � 0.02 nmol/mg pro-
tein in �� cells and 0.5 � 0.02 nmol/mg protein in �0 cells
(Table 1). The GSH Nernst redox potential (Eh), compared to
control cells, increased �141 mV in �� cells treated with DEM
and �132 mV in �� cells treated with DEM � MitoQ; simi-
larly, Eh increased �140 mV in �0 cells treated with DEM and
�132 mV in �0 cells treated with DEM � MitoQ (Table 1).

Cellular oxidation and ROS production after DEM treat-
ment were then determined by monitoring the fluorescence
of the ROS sensitive dye DCF. Figure 1C shows mean DCF
fluorescence (a.u.) recorded by FACS analysis. DEM treat-
ment caused progressive increase in DCF fluorescence in both
�� and �0 cells, indicating increased ROS production. The
ROS increase observed in �0 cells was significantly reduced
compared to �� cells. Pretreatment of MitoQ prevented the
increase of DCF fluorescence in both cell lines, indicating
that MitoQ was an effective antioxidant after DEM treatment
in both �� and �0 cells.

MITOQ PRESERVES MITOCHONDRIAL
PROTEIN THIOL REDOX STATUS AFTER

GSH DEPLETION IN �� AND �0 CELLS

Intracellular protein thiol redox status of �� and �0 cells
was determined using Ellman’s method of DTNB reactive
protein thiols measurement. �� and �0 cells were treated with
RPMI (control), DEM � MitoQ for 90 min, and DTNB re-
active protein thiols in whole cell lysate (left panel) and mi-
tochondrial fraction (right panel) were measured (Fig. 1D).
DTNB reactive protein thiols in whole cell lysate and mito-
chondrial fractions from �� and �0 cells treated with DEM
were significantly reduced compared to controls (p � 0.05).
Pretreatment of �� and �0 cells with MitoQ did not prevent
loss of protein thiol redox status in whole cell lysate but pre-
served mitochondrial protein thiol redox status of �� and �0

cells indicating that MitoQ, which specifically targets to mi-
tochondria, protected mitochondrial protein redox status af-
ter GSH depletion.
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TABLE 1. GSH/GSSG AND Eh LEVELS IN CEM �� AND �0 CELLS TREATED WITH DEM � MITOQ

Nernst GSH redox potential Eh (mV) Total GSH/GSSG (nmol/mg protein)

�� �0 �� �0

Control �264 � 7.2 �267 � 11.2 65.1 � 14.8/1.2 � 0.1 68.9 � 5.4/1.4 � 0.2
DEM �123 � 10.5 �127 � 3.2 0.2 � 0.06/0.9 � 0.05 0.3 � 0.07/0.9 � 0.04
DEM � MitoQ �132 � 5.6 �144 � 9.3 0.4 � 0.02/1.1 � 0.11 0.5 � 0.02/1.1 � 0.09

Aliquots (� 4 � 106/ml) of �� and �0 cells treated with RPMI (control), DEM, or DEM � MitoQ for 30 min, and GSH and
GSSG concentrations were determined using a commercial assay kit described in the methods section. The GSH redox potential
(Eh) in mV was calculated using the Nernst equation as described in the methods section. Data are expressed as mean � SEM
(n � 3).



MITOQ BLOCKS LOSS OF ��m AND
PRESERVES MITOCHONDRIAL

ULTRASTRUCTURE AFTER GSH
DEPLETION IN �� AND �0 CELLS

To determine whether MitoQ preserved the functional and
structural integrity of mitochondria after GSH depletion, mito-
chondrial membrane potential (��m) was determined by mon-
itoring the fluorescence of cationic potentiometric dye TMRM.
Figure 2A shows representative FACS two-dimensional color
density plots of TMRM-stained cells showing percentage num-
ber of cells with intact ��m (top right quadrant) versus per-
centage number of cells with reduced ��m (bottom left quad-
rant). Figure 2B shows mean TMRM fluorescence (a.u.) of ��

and �0 cells recorded by FACS. Reduced percentage number of
cells with intact ��m as well as decreased mean TMRM fluo-
rescence (p � 0.05) indicated that GSH depletion caused loss
of ��m which occurred at �120 min in �� cells and 180 min
in �0 cells after DEM treatment. Pretreatment with MitoQ
blocked loss of ��m in both �� and �0 cells, indicating that
MitoQ preserved mitochondrial function after GSH depletion.

Mitochondrial ultrastructural (electron microscopic (EM))
analysis was performed on �� and �0 cells treated with DEM �
MitoQ (Fig. 2C). Caption ‘1’ shows mitochondrial structure
from �� and �0 control cells; inset arrowheads point to mito-
chondrial cristae. Caption ‘2’ shows mitochondria of �� and �0

cells treated with DEM; inset arrowheads point to fragmented
electron dense mitochondria and vacuolated mitochondria. Cap-
tion ‘3’ shows mitochondria of �� and �0 cells treated with
DEM � MitoQ; inset arrowheads point to mitochondrial
cristae. The results show that pretreatment of �� and �0 cells
with MitoQ preserved the integrity of mitochondrial structure
after GSH depletion.

MITOQ BLOCKS CASPASE-INDEPENDENT
CELL DEATH AFTER GSH DEPLETION IN

�� AND �0 CELLS

Figure 3A shows representative cytochrome c immunoblot
determined on cytosolic fractions taken from �� and �0 cells
treated with DEM for 0, 30, 60, 90, and 120 min or 1 �M stau-
rosporine (STS) for 6 h which was included as positive control.
The result shows that DEM treatment did not lead to the re-

lease of cytochrome c from the mitochondria to the cytosol.
Figure 3B shows a bar graph of caspase-3 activity in �� and
�0 cells after treatment with DEM for 120 min or STS for 9 h.
The result shows that caspase-3 was not activated after DEM
treatment compared to treatment with STS. Figure 3C shows
cell viability, determined by trypan blue exclusion, of �� and
�0 cells treated with RPMI (control), DEM, DEM � z-VADfmk
(50 �M), STS, or STS � z-VADfmk. The result shows that z-
VADfmk, a pan-caspase inhibitor, did not prevent DEM-in-
duced cell death. Taken together, the data indicate that cell death
after DEM treatment is caspase-independent. Figure 3D shows
viability of �� and �0 cells treated with RPMI (control), DEM �
MitoQ for 0, 30, 60, 90, 120, 150, 180, 210, and 240 min. Mi-
toQ pretreatment blocked cell death after DEM treatment up to
240 min (p � 0.05).

COMPARISON OF THE ANTIOXIDANT
EFFICACY OF MITOCHONDRIAL
TARGETED AND NONTARGETED
COENZYME Q DERIVATIVES IN 

�� AND �0 CELLS

To compare the antioxidant efficacy of MitoQ with a non-
targeted coenzyme Q derivative and to determine whether the
antioxidant efficacy of MitoQ was similar in �� and �0 cells,
we treated cells with various concentrations of MitoQ
(0.1–1,000,000 nM), MitoQ (0.1–1,000,000 nM)� FCCP (10
�M) and dUb (0.1–1,000,000 nM) (Fig. 4A). Figure 4B shows
concentrations of MitoQ, MitoQ � FCCP, and dUb that pre-
vented 50% of cell death induced by DEM treatment (EC50) in
�� and �0 cells. Results show that although dUb (EC50: 623 �
123 nM in �� cells and 786 � 137 nM in �0 cells) was able to
block cell death, MitoQ (EC50: 12 � 5 nM in �� cells and 33 �
13 nM in �0 cells) were �50-fold and �20-fold more effective,
respectively. Cotreatment of MitoQ with FCCP to depolarize
the ��m abolished the antioxidant efficacy of MitoQ (EC50:
563 � 134 nM in �� cells and 729 � 145 nM in �0 cells), in-
dicating that the higher antioxidant efficacy of MitoQ was de-
pendent on its accumulation into mitochondria driven by ��m.
Notably, the effectiveness of MitoQ was only observed to de-
crease slightly in �0 cells. To investigate the potent antioxidant
potential of MitoQ in �0 cells, we semiquantitatively determined
the relative ��m of both �� and �0 cells by measuring TMRM
fluorescence. CEM �� cells and �0 cells were incubated with
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FIG. 2. MitoQ blocks loss of ��m and preserves mitochondrial ultrastructure after GSH depletion. (A) Representative
FACS two-dimensional color density plots of CEM cells stained with TMRM and analyzed using PE channel. Aliquots of ��

and �0 cells (7 � 105/ml) were treated with DEM � MitoQ for 0, 60, 120, and 180 min, washed in PBS, and suspended in PBS
containing 10 mM glucose. Cells were loaded with 250 nM TMRM for 15 min and the fluorescence was measured by flow cy-
tometry. Percentage number of cells with intact ��m (top right quadrant) and percentage number of cells with reduced ��m
(bottom left quadrant) are shown. Representative example from at least three independent experiments. In each analysis, 10,000
events were recorded. (B) Mean TMRM fluorescence (a.u.) of �� and �0 cells recorded by FACS as described above. Data are
expressed as mean � SEM (n � 3). (C) Representative electron micrographs of �� and �0 cells treated with RPMI (control) or
DEM � MitoQ for 120 min and 180 min, respectively. Caption ‘1’ shows mitochondria in control cells; inset arrowheads point
to mitochondrial cristae. Caption ‘2’ shows mitochondria of cells treated with DEM; inset arrowheads point to fragmented elec-
tron dense mitochondria and vacuolated mitochondria. Caption ‘3’ shows mitochondria of cells treated with DEM � MitoQ; in-
set arrowheads point to mitochondrial cristae. (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article at www.liebertonline.com/ars).
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40 nM tetramethyl rhodamine methyl ester (TMRM) for 15 min.
The ��m of CEM �� cells was arbitrarily set to �130 mV and
the ��m of �0 cells was determined using equation: �130
mV � log [fluorescence intensity of �� cells/no TMRM]/log
[fluorescence intensity of �0 cells/no TMRM] (24). ��m of �0

cells was determined to be approximately 20 mV lower (� 110
mV) compared to �� cells (Fig. 4C).

ANTIOXIDANT POTENTIAL OF MITOQ IS
CONSERVED IN CELLS LACKING MtDNA

The antioxidant mechanism of MitoQ has been previously
studied in isolated mitochondria and in cell model systems
where it has been shown to protect against oxidative damage.
In isolated mitochondria, MitoQ was shown to detoxify super-

LU ET AL.656

FIG. 3. MitoQ blocks caspase-independent cell death after GSH depletion. (A) Representative cytochrome c immunoblot
determined on cytosolic fractions of �� and �0 cells treated with DEM for 0, 30, 60, 90, 120 min or STS (1 �M) for 6 h which
was included as positive control. �-Actin was used as loading control. (B) Bar graph of caspase-3 activity in �� and �0 cells af-
ter treatment of DEM for 120 min or STS for 9 h. Data are expressed as mean � SEM (n � 3). (C) �� and �0 cells were treated
with RPMI (control), DEM, DEM � z-VADfmk (50 �M), STS (1 �M), or STS � z-VADfmk, and cell viability was determined
by trypan blue exclusion. Data are expressed as mean � SEM (n � 3). (D) �� and �0 cells were treated with RPMI (control),
DEM and DEM � MitoQ, and cell viability was determined by trypan blue exclusion at 0, 30, 60, 90, 120, 150, 180, 210, and
240 min. Data are expressed as mean � SEM (n � 3).

FIG. 4. Comparison of the antioxidant efficacy of mitochondrial targeted and nontargeted CoQ10 derivatives in �� and
�0 cells. (A) Viability of �� and �0 cells after DEM treatment in the presence of various concentrations of MitoQ, MitoQ �
FCCP (10 �M) or dUb determined by trypan blue exclusion. Data are expressed as mean � SEM (n � 5). (B) Bar graphs show-
ing the EC50 (effective concentration that prevents 50% of cell death) for MitoQ, MitoQ � FCCP (10 �M) and dUb in �� and
�0 cells. Data are expressed as mean � SEM (n � 5). (C) Semiquantitative determination of ��m in �� and �0 cells. Cells were
washed in PBS and suspended in PBS containing 10 mM glucose, loaded with 40 nM TMRM for 15 min, and TMRM fluores-
cence was measured by FACS analysis using PE channel. The ��m of CEM �� cells was arbitrarily set to �130 mV and the
��m of �0 cells was determined using equation: �130mV � log [fluorescence intensity of �� cells/no TMRM ]/log [fluores-
cence intensity of �0 cell/no TMRM]. Data are expressed as mean � SEM (n � 3). Inset figure shows representative FACS his-
tograms of CEM cells stained with TMRM as described above. In each analysis, 10,000 events were recorded.
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oxide and peroxynitrite and prevent lipid peroxidation, although
it failed to scavenge hydrogen peroxide (13). In cell model sys-
tems, however, the antioxidant properties of MitoQ have been
found to be controversial, possibly because of the use of dif-
ferent cell types and forms of oxidative stress (20). In this study,
where oxidative stress was induced by GSH depletion, MitoQ
potently inhibited ROS increase (Fig. 1C). We have previously
shown that a) phase 2 enzyme induction blocks GSH-depen-
dent oxidative stress by increasing cellular GSH levels (9), and
b) nitric oxide (NO) donors prevent GSH-dependent oxidative
stress by S-nitrosylation of redox-sensitive mitochondrial pro-
tein thiols (28). Therefore, we first examined the effects of Mi-
toQ on cellular GSH concentration and protein thiol redox sta-
tus. MitoQ did not prevent the loss of GSH induced by DEM
(Table 1), but preserved the mitochondrial protein thiol redox
status (Fig. 1D), indicating that the antioxidant effects of Mi-
toQ were selective for mitochondria but not other cellular com-
partments and that the protective mechanism of MitoQ was sim-
ilar to that of NO donors which directly protected the redox
status of mitochondrial protein thiols without preserving GSH
levels (28). It has been shown that MitoQ accumulates into mi-
tochondria with the hydrophobic core of the compound inserted
in the inner membrane (14). The orientation of MitoQ in the
mitochondrial inner membrane and its lipophilicity may be cru-
cial for its antioxidant properties since we have previously
shown that although dUb blocks cell death after GSH deple-
tion, ubiquinone 0 (Ub0), which lacks the hydrophobic moiety,
is not protective (5). dUb is significantly more lipophilic (oc-
tanol: PBS partition coefficient �3 � 105) than Ub0 (octanol:
PBS partition coefficient � 1.0). This indicates that after GSH
depletion oxidizing ROS are generated either within the lipid
bilayer or at the matrix surface of the inner membrane where
the CoQ10 moiety is adsorbed. Furthermore, the adenine nu-
cleotide translocator (ANT) inhibitor bongkrekic acid (BgK),
which also blocks GSH-dependent cell death, binds the ANT
at the matrix side, further supporting the notion that MitoQ pro-
tects protein redox status from the matrix side of the inner mem-
brane (6). Since it is known that the ANT has regulatory redox-
sensitive thiol groups at the matrix surface, it is possible that
MitoQ exerts its antioxidant function by protecting these groups
from oxidation after GSH depletion (19).

MitoQ prevented the loss of ��m (Fig. 2A and B) and pre-
served mitochondrial structural integrity after GSH depletion
since the loss of the cristae ultrastructure, increased electron
opacity, and organelle shrinkage, were effectively blocked by
MitoQ (Fig. 2C). This is in line with our previous report
showing that dUb, but not Ub0, also prevented these changes
after GSH depletion (5). Interestingly, �0 cells were relatively
resistant to ROS increase, loss of ��m, and cell death in-
duced by DEM which may be the result of increased antiox-
idant capacity of these cells compared to the parental cell
line, since SK-Hep1 �0 cells possess increased levels of man-
ganese superoxide dismutase (MnSOD) protein expression
(22), and we have previously found that chronic EtBr treat-
ment increases glutathione S-transferase (GST) activity in
CEM cell lines (9).

The ETC is thought to be essential for the antioxidant func-
tion of MitoQ because it needs to be continuously recycled from
the oxidized to reduced form in order to scavenge ROS and also

because the accumulation of MitoQ into mitochondria is driven
by the ��m. In line with this, we found that efficacy of MitoQ
was lower in �0 cells (EC50 �30 nM) compared to �� cells
(EC50 �10 nM). However, the efficacy of MitoQ was signifi-
cantly greater in both cell lines compared to that of dUb, the
nontargeted antioxidant, as well as in cells treated with 
MitoQ � FCCP to dissipate the ��m (Fig. 4B). These results
indicate that the antioxidant potential of MitoQ was highly con-
served in cells lacking a functional ETC. Since MitoQ has been
previously shown to be reduced by respiratory complex II
(which is not encoded by mtDNA) and membrane-bound glyc-
erol 3-phosphate dehydrogenase, but not by complex I (which
is encoded by mtDNA) it may be that these enzymes serve as
the major cycling mechanism for MitoQ (2, 13, 18, 25). We
also showed that in �0 cells, despite loss of proton pumping by
the major components of the ETC, ��m was estimated to be
decreased only �20 mV compared to parental CEM cells (Fig.
4C). These results indicate that CEM �0 cells still maintain a
significant ��m, in agreement with the ��m determined for
other �0 cell lines (8, 16), sufficient to drive the accumulation
of MitoQ. It has been suggested that the ��m of �0 cells is gen-
erated by residual mitochondrial ETC activity as well as by
other ion movements such as the glycolytic ATP4� to mito-
chondrial ADP3� exchange (18).

In conclusion, we have shown that the targeted coenzyme Q
derivative MitoQ protects CEM cells against GSH-dependent
cell death by blocking ROS production, protein thiol oxidation,
and mitochondrial permeabilization leading to caspase-inde-
pendent cell death. Furthermore, we have shown that the anti-
oxidant potential of MitoQ does not ultimately depend on a
functional ETC. This research may be important in the future
design of mitochondrial therapeutic antioxidants to treat dis-
eases associated with abnormalities in the ETC and increased
mitochondrial ROS production.

APPENDIX

1. Materials

All chemicals including DEM (5 mM) were of reagent grade and
were obtained from Sigma Chemical Company (St. Louis, MO). Fluo-
rescent probes including tetra-methyl rhodamine methyl ester (TMRM)
and dichloro-dihydrofluorescein diacetate (DCFDA) were purchased
from Molecular Probes (Eugene, OR). z-VADfmk (50 �M) was pur-
chased from Sigma Chemical Company. MitoQ (500 nM) was from
Antipodean pharmaceuticals (Auckland, New Zealand).

2. Cell culture and viability test

Human leukemic CEM cells were cultured in RPMI 1640 medium
supplemented with 5% fetal bovine serum (FBS), 292 �g/ml L-glut-
amine, 100 U/ml penicillin, 100 �g/ml streptomycin, and 0.02 mg/ml
G418. Cells were passaged daily to maintain them in log-phase growth
and kept at nominal concentration of 5–8 � 105/ml. CEM �0 cells
were derived from CEM parental cells by culturing in the presence
of 50 ng/ml ethidium bromide for 4 weeks, as previously described
(9). �0 cells were then cultured in RPMI medium with 1 mM pyru-
vate and 50 �g/ml uridine added, and regularly monitored for oxy-
gen consumption. Cell viability was measured by trypan blue (0.2%)
exclusion. Viable (trypan blue negative) and nonviable (trypan blue
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positive) cells were counted using a hemocytometer, and viability was
expressed as the percentage of cells excluding trypan blue.

3. Measurement of oxygen consumption, GSH, and protein
thiol redox status

Oxygen consumption was measured with a Clark oxygen elec-
trode (Oxygraph Model 5300: Yellow Spring Instrument Co.,
Yellow Spring, OH), as described previously (9). GSH and GSSG
levels were measured using a commercial kit (Cayman Chemi-
cals, Ann Harbor, MI); the GSH redox potential (Eh) was calcu-
lated using the modified Nernst equation using a cell volume as
7 �l per million cells and E0 was taken as �240 mV (28). DTNB
reactive protein thiols were determined by the method of Ellman
with modification. DTNB reactive protein thiols in control were
estimated after subtracting DTNB nonprotein reactive thiols (in-
cluding GSH) (28).

4. Measurement of ROS production and ��m

For ROS determinations, cells were pretreated with or without in-
hibitors for 30 min, then treated with DEM for 0, 30, 60, or 90 min,
washed with phosphate-buffered saline containing 10 mM glucose,
loaded with 10 �M DCFDA for 15 min, and analyzed immediately by
flow cytometry using the FITC setting (log mode). H2O2 was used as
a positive control for detection of cellular ROS. In each analysis, 10,000
events were recorded.

For determination of ��m, cells were pretreated with or without
inhibitors for 30 min, then treated with DEM for 0, 60, 120 and 180
min, washed with phosphate-buffered saline containing 10 mM glu-
cose, loaded with 250 nM TMRM for 15 min, and analyzed immedi-
ately by flow cytometry using the PE setting (log mode). The
protonophore CCCP (1 �M) was used as a control for loss of ��m.
In each analysis, 10,000 events were recorded. For semiquantitative
determination of ��m, TMRM (40 nM) fluorescence was recorded
for both CEM �� cells and �0 cells. The ��m of CEM �� cells was
arbitrarily set to �130 mV and the ��m of �0 cells was determined
using equation: �130mV � log [fluorescence intensity of �� cells/no
TMRM]/log [fluorescence intensity of �0 cells/no TMRM] (24).

5. Subcellular fractionation

Subcellular fractionation was performed as described previously
(29) with the following modifications. Following treatment, cells
(�1 � 107) were harvested by centrifugation (600 g for 10 min at 4°C).
Cell pellets were washed with ice-cold PBS and suspended in HEPES
buffer at pH 7.4. Cells were disrupted using a 271/2 gauge needle and
the cell homogenate was centrifuged at 800 g for 10 min at 4°C to re-
move nuclei and unbroken cells. The supernatant from this prepara-
tion was centrifuged at 10,000 g for 10 min, and the pellet was des-
ignated the ‘mitochondrial’ fraction while the supernatant was
centrifuged at 100,000 g for 60 min at 4°C, and the resulting super-
natant was used for preparation of cytosolic fraction. The mitochon-
drial and cytosolic fractions were stored at �80°C until experimenta-
tion. Protein assay was performed by Dc protein assay (Bio-Rad,
Hercules CA).

6. Immunoblotting

Proteins were separated by electrophoresis on 12% SDS-PAGE gels
and transferred to nitrocellulose membrane. Mouse monoclonal anti-
cytochrome c, anti-� actin, and anti-COX II antibodies were from BD
Biosciences, Pharmingen (San Diego, CA). The secondary antibody
used was goat anti-mouse horseradish peroxidase-conjugated antibody,
and it was purchased from BD Biosciences, Pharmingen. Chemilumi-

nescence detection was performed using ECL detection kit according
to the manufacturer’s instructions (Pierce, Rockford, IL).

7. Transmission electron microscopy (TEM)

CEM cells in the logarithmic proliferation phase were pretreated with
or without MitoQ for 30 min, then treated with DEM for a further 120
min (��) or 180 min (�0). Cells were fixed with 2.5% glutaraldehyde
in 0.1M cacodylate buffer, pH 7.4, at room temperature for 1 h and
washed with 0.1 M cacodylate buffer and postfixed with 1% osmium
tetraoxide in 0.1 M cacodylate buffer and dehydrated with graded se-
ries of ethanol, and embedded in LX112. Thin sections were prepared,
and stained with uranyl acetate. Specimens were examined on a JEOL
1000X electron microscope operating at 80 KV.

8. Caspase- 3 activity assays

EnzChek®Caspase-3 Assay kits were purchased from Molecular
Probes (Eugene, Oregon). CEM cell caspase-3 activity was determined
using a caspase-3 synthetic fluorescent substrate. Assays were per-
formed according to the manufacturer’s instructions. Substrate cleav-
age increases the fluorescence which was measured using Molecular
Probes fluorometer model # GEMINI XS (excitation @ 342 nm and
emission @ 441 nm).

9. Statistical analysis

Data were expressed as mean � standard deviation of the mean of
three or more separate experiments performed in duplicate. ANOVA
was used for significance testing (p � 0.05).
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