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Abstract

Aims: A plausible strategy to reduce tumor progress is the inhibition of angiogenesis. Therefore, agents that
efficiently suppress angiogenesis can be used for tumor suppression. We tested the antiangiogenic potential of a
mitochondrially targeted analog of a-tocopheryl succinate (MitoVES), a compound with high propensity to
induce apoptosis. Results: MitoVES was found to efficiently kill proliferating endothelial cells (ECs) but not
contact-arrested ECs or ECs deficient in mitochondrial DNA, and suppressed angiogenesis in vitro by inducing
accumulation of reactive oxygen species and induction of apoptosis in proliferating/angiogenic ECs. Resistance
of arrested ECs was ascribed, at least in part, to the lower mitochondrial inner transmembrane potential com-
pared with the proliferating ECs, thus resulting in the lower level of mitochondrial uptake of MitoVES. Shorter-
chain homologs of MitoVES were less efficient in angiogenesis inhibition, thus suggesting a molecular mecha-
nism of its activity. Finally, MitoVES was found to suppress HER2-positive breast carcinomas in a transgenic
mouse as well as inhibit tumor angiogenesis. The antiangiogenic efficacy of MitoVES was corroborated by its
inhibitory activity on wound healing in vivo. Innovation and Conclusion: We conclude that MitoVES, a mi-
tochondrially targeted analog of a-tocopheryl succinate, is an efficient antiangiogenic agent of potential clinical
relevance, exerting considerably higher activity than its untargeted counterpart. MitoVES may be helpful against
cancer but may compromise wound healing. Antioxid. Redox Signal. 15, 2923–2935.

Introduction

Cancer is a pathologywith a rather grim prognosis (20).
This warrants the design and application of efficient new

anticancer drugs acting via invariant targets that would allow
broad applicability in different types of cancer. Mitochondria,
an indispensable source of energy for most living cells, are
increasingly recognized as such targets (12, 18, 24, 43). In this
context, agents with anticancer activity acting on mitochon-
dria, termed mitocans, present an intriguing group of com-
pounds with relatively good selectivity for cancer cells (16, 27,
31). Mitocans are classified into eight groups, according to
their mode of action (26). Vitamin E (VE) analogs belonging to
group 5 mitocans act on the mitochondrial electron redox
chain. These compounds are epitomized by the redox-silent a-

tocopheryl succinate (a-TOS), an agent with high apoptogenic
activity and selectivity for cancer cells (26, 30, 32). a-TOS has
been shown to suppress a variety of tumors in mouse models,
such as colorectal, breast (including HER2-positive tumors),

Innovation

The findings of this report show the very strong anti-
angiogenic activity of an analog of VE, a-TOS, tagged by
addition of a TPP+ group to localize to mitochondria. This
endows the agent, MitoVES, with a particularly strong pro-
apoptotic activity toward proliferating but not quiescent ECs,
a paradigm that is helpful against tumor angiogenesis but
may complicate wound angiogenesis and wound healing.
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mesothelioma, prostate, and pancreatic cancer as well as
melanomas (22, 23, 40, 42, 45, 47).

Anticancer drugs can exert their activity via several modes
of action. Most agents act by direct killing of malignant cells.
However, an intriguing option to promote suppression of
tumors is to starve them of energy and oxygen, that is, sup-
press the process of neovascularization of tumors by inhibit-
ing angiogenesis (14). The process of neovascularization is
based either on sprouting of new blood vessels from pre-
existing vessels (15) or on recruitment and differentiation of
endothelial progenitor cells (35). It has been reported that
angiogenesis can be suppressed by interfering with processes
essential for its promotion and maintenance, in particular,
disrupting paracrine signaling between tumor cells and en-
dothelial cells (ECs) (3). This has been shown also for a-TOS,
interfering with the generation and secretion of mitogenic
cytokines such as the fibroblast growth factor-2 by malignant
cells (29, 40).

Another possibility to suppress angiogenesis is the induc-
tion of apoptosis selectively in proliferating ECs. Several
agents have been reported to possess such activity, including
an analog of arsenite oxide (5) and a-TOS (10), consistent with
the notion that targeting mitochondria of proliferating ECs is
also an efficient way to suppress angiogenesis. Moreover,
these results suggest that agents such as arsenites or a-TOS
will efficiently kill angiogenic ECs of tumorigenic blood ves-
sels while being nontoxic to the arrested ECs of normal blood
vessels (33).

We have recently synthesized novel analogs of a-TOS that
are targeted tomitochondria, more specifically to the interface
of the matrix and the mitochondrial inner membrane (MIM).
This mitochondrially targeted analog of a-TOS, MitoVES, is
superior to its untargeted counterpart a-TOS in apoptosis
induction and cancer suppression (7, 8). In this communica-
tion, we investigated whether MitoVES efficiently and selec-
tively kills angiogenic ECs. The results indicate that MitoVES
is much more efficient in angiogenic EC killing than the pa-
rental untargeted compound a-TOS, owing to the greater
mitochondrial inner transmembrane potential (DCm,i) of the
proliferating EC, which translates to suppression of tumor
progression and angiogenesis in an in vivo model of breast
cancer.

Results

We first studied whether exposure of ECs to MitoVES (for
its structure, see Fig. 1, where MitoVES is termed MitoVE11S)
results in apoptosis induction in the cells based on their pro-
liferative status. For this, cells were seeded at two different
confluencies,*50%, with high proliferative status, and 100%,
at which majority of the cells is growth arrested in G0. The
proliferative status is documented by cell-cycle analysis, re-
vealing majority of the proliferating ECs in the S phase,
whereas confluent ECswere foundmostly arrested in G0 (Fig.
2A, inset). Proliferating cells were susceptible to MitoVES,
with almost all cells in apoptosis after 24-h exposure to 5lM
MitoVES. On the other hand, confluent ECs were highly re-
sistant to the agent with substantial apoptosis (reaching
*40%) only at the highest concentration of MitoVES and at
the longest exposures tested (Fig. 2A). Similarly, we observed
accumulation of reactive oxygen species (ROS) in proliferat-
ing ECs exposed to MitoVES, whereas there was hardly any

detectable increase in the level of ROS in confluent cells ex-
posed to the agent (Fig. 2B). To see whether ROS generation
and apoptosis induction in proliferating ECs exposed to Mi-
toVES are causally linked, we treated the cells with the agent
in the presence of a mitochondrially targeted analog of co-
enzyme Q (MitoQ) (21, 25). Data in Figure 2C and D docu-
ment that the presence of the mitochondrially targeted
antioxidant MitoQ suppressed both apoptosis induction and
ROS accumulation in proliferating ECs, thus strongly indi-
cating that ROS are important for the induction of apoptosis.
We also exposed proliferating ECs to VES4TPP, an analog of
MitoVES in which the triphenyl phosphonium (TPP + ) group
was attached to the free succinyl group of the agent via a 4-C
spacer (Fig. 1), which caused only minimal apoptosis (not
shown). This indicates the importance of the free carboxylate
for the apoptosis-inducing effects of the drug and shows that
the correct placing of the TPP + targeting group is essential. In
addition, it also demonstrates that the TPP + group without
the active compound does not have any perceptible pro-
apoptotic activity.

To get a better proof for the resistance of growth-arrested
ECs to MitoVES, we tested whether the agent disrupts the
contacts between individual cells. To do this, we plated the
cells so that they reached 100% confluency, following which
the cells were left untreated or exposed to 5lM MitoVES for
20 h. At this point, the cells were either photographed in a
light microscope or, after staining with anticadherin VE IgG
plus secondary FITC-conjugated antibody and DAPI, ob-
served in a confocal microscope. As shown in Figure 2E, the
MitoVES-exposed cells maintained their normal morphology
and their cell-to-cell contacts, indistinguishable from the
control cells, thus further documenting the resistance of ar-
rested ECs to MitoVES.

We tested the effect of MitoVES on angiogenesis in vitro
by using two assays. First, we applied the wound-healing as-
say. ECs were allowed to form a fully confluent monolayer,
after which a strip of cells was removed, and the wound
was allowed to heal. Images in Figure 3A document that
although at 20h the denuded region completely filledwith cells
that either proliferated or migrated, 5lM MitoVES prevented
the process. The effect of MitoVES was concentration depen-
dent, as documented in Figure 3B, showing the healing curves
at different MitoVES levels. We calculated the healing rates
from these curves and plotted them against different concen-
trations of MitoVES. Data in Figure 3C show that the healing
rate of*35lm/h for untreated cells was suppressed to almost
5lm/h in the presence of 5lM MitoVES. This is reflected by
the level of apoptosis in the healing assays, whichwas lowest in
control cells and highest at 5lM MitoVES (Fig. 3D).

The second angiogenesis assay in vitro is based on the tube-
forming capacity of EAhy926 cells in a three-dimensional
setting. Figure 3E documents the number of capillaries
formed when the cells were seeded onMatrigel in the absence
and presence of 5lM MitoVES. Evaluation of the number of
tubes revealed a dose-dependent inhibitory effect ofMitoVES,
with some 20 tubes per field for control cells and less than 3
tubes for cells exposed to 5lM MitoVES (Fig. 3F). After re-
trieval of the treated cells from Matrigel, we estimated the
level of apoptosis and found that the inhibitory activity of
MitoVES on the tube-forming activity of the EAhy926 is di-
rectly proportional to the apoptosis-inducing efficacy of the
agent (Fig. 3G).
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We next tested the effect of MitoVES on angiogenesis
in vivo, using the model of chronic ischemic wound employ-
ing the Laser Doppler blood flow imager (2, 36). In this model,
proliferation of ECs is necessary to re-establish blood flow in
the wounded area. Figure 4A documents that the agent at
20 lM inhibited the blood flow by *40%. Figure 4B shows
representative images of control mice and mice treated with
MitoVES. These results extend the previous in vitro anti-
angiogenesis effect to an in vivo model.

Previous data indicate that mitochondria are important for
the effect of MitoVES on proliferating ECs as indicated, in
particular, by the protective effect of MitoQ. This can be ex-
pected due to the analogy of the mode of activity of MitoVES
to that of a-TOS (46) and due to the mitochondrial targeting
of the agent. To get stronger evidence, we tested mtDNA-
depleted (q0) EAhy926 cells for the effects of MitoVES on
angiogenesis in vitro by using the wound-healing assays. We
found that the q

0 EAhy926 cells are endowed with lower

wound-healing activity compared with their parental coun-
terparts. On the other hand, the wound-healing activity was
strongly inhibited in the parental cells by MitoVES, whereas
there was hardly any effect of the agent on the q0 ECs (Fig. 5A,
B). This resistance of the mtDNA-depleted ECs is likely due to
their resistance to apoptosis induced in the assays byMitoVES
(Fig. 5C). These results strongly point to the role of mito-
chondria in the effects of MitoVES on ECs just mentioned.

Mitochondrial localization of MitoVES is deduced from its
chemistry, that is, tagging the VE analog with the cationic
TPP + group and from its analogous structure to that ofMitoQ
(21, 25). To prove this supposition, we prepared a fluores-
cent analog of MitoVES by the addition of 5-aminofluorescein
to the free carboxylate of MitoVES. Eahy926 cells, both pro-
liferating and confluent, were then treated with fluorescently
tagged MitoVES (MitoVES-F) after pretreatment of the cells
with MitoTracker Red. Figure 6 shows that for proliferating
ECs, MitoVES-F colocalized with MitoTracker Red, as
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FIG. 1. Structures of the com-
pounds used in the study. The
structures shown are those of mi-
tochondrially targeted analog of
the vitamin E (VE) analog a-toco-
pheryl succinate (MitoVES) homo-
logs that were used in the study
and the mitochondrially un-
targeted analog, a-tocopheryl suc-
cinate (a-TOS).
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evidenced by the orange color of the organelles, document-
ing mitochondrial localization of the VE analog. However,
we observed a rather diffuse pattern of green fluorescence
in the confluent ECs which did not colocalize with the
MitoTracker Red-positive structures, thus indicating that
MitoVES associated much more with nonmitochondrial sub-
cellular structures in the arrested compared with the prolif-
erating ECs.

In the next experiments, we evaluated DCm,i in the prolif-
erating and confluent ECs by using tetramethylrhodamine
methyl ester (TMRM). We first estimated the levels of DCm,i

by using confocal microscopy. Images in Figure 7A are sug-
gestive of a higher intensity of TMRM fluorescence in the
proliferating cells compared with their arrested counterparts.
Further, the images indicate mitochondria in the arrested cells
that appeared more round, consistent with the images in
Figure 6 and those acquired by using transmission electron
microscopy (TEM) (Fig. 7B). Flow cytometric analysis docu-
mented in Figure 7C reveals that DCm,i in the angiogenic cells
was approximately twice the level in the arrested cells.
Treatment with the uncoupler carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP) at the concentration
that completely dissipates DCm,i lowered the TMRM signal of
the proliferating cells about three-fold, which is in sharp
contrast to the confluent cells (Fig. 7C), where the drop in
TMRM signal on FCCP addition was much more modest. To
find out whether greater DCm,i is the reason for the suscep-
tibility of angiogenic proliferating ECs to MitoVES, we tested
apoptosis in the cells in the presence or absence of FCCP.
Figure 7D indicates that FCCP significantly suppressed apo-

ptosis in proliferating ECs exposed to MitoVES, whereas it
had no effect on apoptosis induced by a-TOS that lacks the
mitochondria-targeting cation. Inspection of lysates from
confluent and arrested ECs by Native Blue electrophoresis
showed virtually no difference in the assembly of the mito-
chondrial complexes (Fig. 7E). We next tested whether the
lower DCm,i in confluent ECs, a reason for their greater re-
sistance to MitoVES, is not potentially a result of lower
number of mitochondria in confluent ECs. To do this,
western blotting was performed on total cellular protein
from confluent and proliferating ECs by using antibodies
against subunits of complex I (CI), CII, CIII, and CV, all
constituents of the MIM, as well as the mitochondrial outer
membrane porin. Figure 7F reveals that the ratio of the level
of the individual proteins, normalized to actin, in confluent
and proliferating ECs is close to 1, thus indicating that sim-
ilar or even smaller number of mitochondria are present in
proliferating compared with arrested ECs. This is further
supported by the activity of citrate synthase, which was
103 – 3 and 76 – 5 nmol/min/mg protein for confluent and
proliferating ECs, respectively. We next assessed the total
level of protein in proliferating and in confluent cells and
found some 20% less total protein in the former. This means
that per cell, proliferating cells do have considerably higher
DCm,I, that is, at least partially responsible for their suscep-
tibility to MitoVES.

We earlier documented that a-TOS induces apoptosis
by targeting the mitochondrial CII, which was recently crys-
tallized (41). More specifically, we found that it interferes with
the proximal (QP) and, most likely, too, distal ubiquinone-

FIG. 2. MitoVES-dependent apoptosis
is linked to the proliferative status of
endothelial cells (ECs). EAhy926 cells
plated to reach *50% confluency (prolif-
erating cells) and 100% confluency (con-
fluent cells) were exposed to MitoVES at
the concentrations and for the times
shown. The cells were harvested and as-
sessed for apoptosis by using annexin V-
FITC/propidium iodide (A) and for the
level of reactive oxygen species (ROS)
using 2¢,7¢-dihydrodichlorofluorescein dia-
cetate (DCFA) (B). The inset in panel (A)
documents the proliferative status of the
cells at 50% and 100% confluency. Panels
(C) and (D) show levels of apoptosis and
ROS, respectively, in proliferating ECs
preincubated with 2lM mitochondrially
targeted analog of coenzyme Q (MitoQ)
and exposed to 5lM MitoVES for 12 h (C)
or 6 h (D). (E) EAhy926 cells were seeded
on cover slips and allowed to reach 100%
confluence. After this, the cells were either
left untreated (upper panels) or exposed for
20 h to 5lM MitoVES (lower panels). The
cells were then either photographed in a
light microscope (left panels) or fixed, in-
cubated with anticadherin VE IgG fol-
lowed by secondary FITC-conjugated IgG,

mounted in DAPI-containing Vectashield, and inspected in a confocal microscope. The data shown are mean values – SD
(n = 3), the symbol ‘‘*’’ indicated data from proliferating cells significantly different ( p< 0.05) from those from arrested cells (A,
B), and significant differences ( p< 0.05) in data from cells treated with MitoVES in the absence and presence of MitoQ (C, D).
The images in panel (E) are representative of three independent experiments. MFI, mean fluorescence intensity.
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binding site(s) of the protein (6, 9). We recently performed
molecular modeling of the interaction of MitoVES with CII,
taking into consideration the assumption that due to the
positively charged TPP + group, the agent will be positioned
so that the TPP + moiety will be adjacent to the matrix face of
the MIM and the tocopheryl succinyl group will reach the QP

site (7) only when the aliphatic chain of MitoVES is of suffi-
cient length. Indeed, whenwe testedMitoVES homologs with
9-, 7-, or 5-C aliphatic chain (Fig. 1) in proliferating EC cells,
we found that the full-length MitoVES was the most efficient
one in induction of apoptosis and in suppressing angiogenesis
in vitro using the wound-healing assay, whereas MitoVE5S
exerted almost no activity (Fig. 8). These findings indicate that
MitoVES relays its toxic effects on proliferating ECs by in-
teracting with the QP site of CII.

Finally, we tested the effect of MitoVES on tumor pro-
gression in a transgenic mouse with HER2-positive breast
carcinomas and on angiogenesis in the carcinomas employing
the ultrasound imaging (USI) technique, which allows for
noninvasive and precise evaluation of the progression of tu-
mors and their vascularization (angiogenesis). Figure 9 doc-
uments a strong inhibitory effect of the agent on the tumors
including angiogenesis. Thus, in the control tumors, the rel-
ative vascularization increased some 2.5-fold over the period
of the treatment, whereas it basically did not change in the
treated animals. This indicates suppression of blood vessel
proliferation in tumors in mice treated with MitoVES and
suggests that the results on angiogenesis in vitro (see above)
are also reflected in experimental tumors.

Discussion

The Holy Grail in the development of anticancer agents
would be a compound that would interfere with the tumor
cells at multiple levels and, at the same time, would leave the
noncancerous somatic cells unaffected. In addition, such a
compound should be effective against as wide a range of
various cancer types as possible, while retaining the afore-
mentioned specificity for cancer cells. One desired exception
to this specificity is the proliferating EC. Normally, ECs re-
main quiescent, forming the inner lining of the blood vessels.
At a tumor site, this steady state is disturbed, and the quies-
cent ECs are induced to proliferate to participate in the for-
mation of new blood vessels that provide the growing tumor

FIG. 3. MitoVES inhibits angiogenesis in vitro. For
wound-healing activity assay, EAhy926 cells were seeded in
culture dishes and allowed to reach complete confluency.
The central part of the endothelial monolayer was wounded
by removing a lane of cells *0.5mm across. Gap narrowing
by proliferating and migrating cells was then followed in
control cultures and in the presence of MitoVES. Panel (A)
shows representative images of the dishes with ECs at time
zero and 20 h in the absence or presence of 5 lMMitoVES. At
different times, the gap width was assessed in the micro-
scope and plotted as a function of time (B). The ‘‘healing
rate’’ was estimated from the slopes in panel (B) and ex-
pressed in lm/h (C). The level of apoptosis in the
‘‘wounded’’ EAhy926 cultures was assessed at 42 h (D). For
the tube-forming activity assay, EAhy926 cells were seeded
in 24-well plates with 300 ll of Matrigel per well so that the
suspension of 200ll of a complete medium with 5 · 105 cells
were added to each well, and incubated in the absence or
presence of MitoVES. Panel (E) shows micrographs of tubes
formed in 12 h in the absence or presence of 5 lM MitoVES.
The number of tubes in control cultures as well as those
supplemented with MitoVES at concentrations shown (lM)
was evaluated by counting the number of complete tubes
connecting the points of individual polygons of the capillary
network at 24 h as detailed in Materials and Methods section
(F). Cells were retrieved after 24 h from Matrigel and as-
sessed for the level of apoptosis (G). The micrographs in
panels (A) and (E) are representative images of three inde-
pendent experiments. The data in panels (B), (D), (F) and (G)
are mean values – SD (n = 3). The symbol ‘‘*’’ in panel (B)
denotes statistically significant difference of samples treated
with the different concentrations of MitoVES form the con-
trols, whereas in panels (D), (F), and (G), it denotes statisti-
cally significant differences from the controls ( p < 0.05).
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with nutrition and oxygen (13). This process, known as an-
giogenesis, is universal for all solid tumors, and its attenua-
tion is considered beneficial and widely applicable to cancer
treatment (14).

Potentially useful compounds in this regard are VE ana-
logs, such as a-TOS and its mitochondrially-targeted deriva-
tive MitoVES that we recently developed. With regard to
a-TOS, we already documented that it not only eliminates
cancer cells but also proliferating ECs and inhibits angio-
genesis (10, 33). We now show that the mitochondrial tar-
geting of MitoVES by the TPP + group greatly enhances the
effectivity of the parental, nontargeted compound and results
in efficient killing of proliferating ECs already at concentrations
as low as 2lM, while discriminating between proliferating and
arrested ECs. This would allow much lower therapeutic doses
to be effectively used, which is preferential with regard to po-
tential off-target effects. Selectivity for killing of angiogenic ECs
was shown also for 4-(N-(S-glutathionylacetyl)amino) pheny-
larsenoxide, an arsenite analog, that was reported to induce
apoptosis in proliferating ECs by interfering with the mito-
chondrial adenine nucleotide translocator (5).

It is apparent that MitoVES induces cell death in prolifer-
ating ECs by a mechanism similar to or identical with the
parental, nontargeting a-TOS, which involves the increase of
ROS before apoptosis induction as well as inhibition of an-
giogenesis in our models (10). This process is inhibited by the

mitochondrially targeted antioxidant MitoQ and does not
take place in the ECs with nonfunctional mitochondria, as
shown using the q0 EAhy926 cells. The shortening of the ali-
phatic linker between the succinate and the TTP + group also
results in decreased activity of MitoVES, consistent with the
requirement for the succinyl group to reach the ubiquinone-
binding sites of mitochondrial CII, which has been shown to
be the target through which a-TOS induces apoptosis in
cancer cells (6, 9). This evidence shows that mitochondrial
targeting using a linker of the right length between the tar-
geting and the effector group is a plausible approach to in-
crease effectivity of VE analogs while preserving the same or
similar molecular mechanism, whereas the short-linker com-
pounds lose effectivity, as their bioactive group cannot reach
the target. Further downstream events, although not studied
here, are likely to be mechanistically similar to those induced
by a-TOS and MitoVES in cancer cells, where oxidative stress
induced by the agents causes activation of the Hippo/Mst1
kinase, activation of the transcription factor FoxO1, and the
subsequent increase in the expression of the Noxa protein,
ultimately resulting in the generation of Bak-dependent
channels in the mitochondrial outer membrane (8, 34, 44).
Thus, since mitochondrial targeting also makes MitoVES an
efficient and selective cancer cell killer (7), this modification
produces an anticancer compound that promises to target
tumors at multiple levels (direct tumor cell elimination and
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FIG. 5. ECs depleted of
mtDNA are resistant to Mi-
toVES. Proliferating parental
and q0 ECs were seeded in
Petri dishes, allowed to reach
confluency, and the endothe-
lium was wounded. Re-
growth was followed in the
absence or presence of 5lM
MitoVES for up to 20 h, and
the wound-healing activity
expressed as the width of the
wound as the function of time
(A) and in lm/h (B) as de-
tailed in Materials and Meth-

ods section. At the end of the experiment (20 h), the individual cultures were assessed for the level of apoptosis. The data in
panels (A) and (C) are mean values – SD. (n = 3). The symbol ‘‘*’’ denotes statistically significant differences between control
and treated cells.

FIG. 4. MitoVES inhibits angio-
genesis in vivo. Mice were wounded
(red arrows indicate the wound posi-
tions) and treated with daily doses of
20lM MitoVES in EtOH or identical
volume of the excipient (control) for
up to 7 days. On day 7, blood flow
was visualized and quantified by a
Lazer Doppler blood perfusion im-
ager. (A) The data (blood flow), (B)
representative images of the animals.
The data shown are mean values – SD
(n = 3), the images are representative
of three independent experiments.
The symbol ‘‘*’’ denotes statistically
significant differences from the con-
trols ( p < 0.05).
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angiogenesis inhibition) and with high efficiency and speci-
ficity, fulfilling the criteria for effective and broadly applicable
anticancer agents.

Mitochondrial targeting of MitoVES is important for the
observed high efficiency in killing proliferating ECs. This is
exemplified by the propensity of fluorescently labeled Mi-
toVES to accumulate in the mitochondria of proliferating ECs.
In contrast, this accumulation was much less evident in con-
fluent ECs, which are resistant to MitoVES-induced apopto-
sis. This suggests that mitochondrial uptake of MitoVES may
be different in proliferating and confluent ECs.With regard to
this, ECs represent a very interesting model that allows us to
study the factors which determine MitoVES effectiveness and
selectivity. Although MitoVES also displays preference for
killing cancer cells as opposed to normal nontransformed cells,
these represent different cell types harboring great differences
in various cellular components. In contrast, it can be assumed
that proliferating and confluent ECs are essentially identical in
basic characteristics, and the factors associated with differences
in susceptibility toMitoVES can be uncovered by using the cells
at these two distinct proliferation states.

This article identifies that (at least) one major contributor to
the difference in susceptibility of proliferating and arrested
ECs to MitoVES is the considerable alteration in the mito-
chondrial potential (DCm,i) of the two states of the cells. We
show here, for the first time, that (DCm,i) is higher in the
proliferating ECs comparedwith confluent counterparts. That
cells with greaterDCm,i are susceptible to the killing activity of
MitoVES is logical, given the notion that mitochondrial tar-
geting of compounds tagged with the TPP + group is depen-
dent on DCm,i. Without relatively highDCm,i, it is not possible
for MitoVES to accumulate inside mitochondria. This is sup-
ported by the observation that the uncoupler FCCP, which
dissipates DCm,i, interferes with the induction of apoptosis by
MitoVES, but not by the untargeted parental compound a-
TOS. We have observed a similar paradigm also for cancer
cells, which failed to undergo apoptosis when exposed to
MitoVES in the presence of FCCP (7).

It should be noted that the difference in DCm,i is unlikely to
be the sole factor that makes proliferating ECs susceptible to
apoptosis induction by MitoVES. The nontargeted a-TOS also
displays preference for eliminating proliferating ECs, albeit
with much lower efficacy requiring the use of substantially
higher concentrations for the desired effect to become ap-

parent (10). Further research that is beyond the scope of this
study will be necessary to elucidate these additional factors.
For now, suffice to say that, given the safety of mitochondrial
delivery by lipophilic TPP + accentuated by phase I/II trials
with MitoQ-containing TPP + used for treatment of neuro-
logical disorders and hepatitis with no adverse effects even
after more than 1 year of supplementation (17, 39), with Mi-
toVES, we have an agent available that, besides specifically
killing cancer cells (7), efficiently eliminates proliferating ECs
while leaving the arrested confluent ECs unaffected. As such,
MitoVES possesses a set of interesting biological properties
that allow it to attack cancer simultaneously at several fronts
and, in the future, turn the odds of cancer treatment in the
patient’s favor. This notion is epitomized by the profound
effect of MitoVES on the tumor progression and inhibition of
angiogenesis. We propose that given the anticancer effect of
MitoVES due to selective killing of tumor cells (7, 8) and in-
hibiting tumorigenic angiogenesis (this report), clinical tests
are warranted, taking into consideration the inhibitory effect
of MitoVES on wound healing. To this end, MitoVES is one of
very few compounds that have been reported to selectively
kill proliferating but not arrested ECs, which endows it with a
substantial clinical spin.

Materials and Methods

Cell culture and reagents

The endothelial-like EAhy926 cells (11) were maintained in
DMEM supplemented with 10% fetal calf serum and antibi-
otics, plus HAT (100 lM hypoxanthine, 0.4 lM aminopterin,
and 16lM thymidine). These cells retain properties of ECs,
including expression of factor VIII (11), tube-forming activity,
and the propensity to persist in confluent cultures (1).
EAhy926 cells deficient in mtDNA (q0 phenotype) were pre-
pared as detailed elsewhere (46). Acquisition of the q

0 phe-
notype was confirmed by the lack of expression of the
mtDNA-coded cytochrome c oxidase subunit II but not its
nDNA-coded subunit IV (data not shown). The proliferating
and confluent ECs were used in the various experiments such
that a similar number of cells was assessed.

The cells were treated under conditions of proliferation
(40%–50% confluency) or arrest (100% confluency), in most
cases with MitoVES, a compound with an 11-carbon linker
joining the tocopheryl succinyl head group and the

FIG. 6. MitoVES localizes
to mitochondria. Proliferat-
ing (A) and confluent (B)
EAhy926 cells were exposed
to fluorescently tagged Mi-
toVES (MitoVES-F) (green) at
10lM for 30min, after addi-
tion of MitoTracker Red and
the Hoechst 33342 nuclear
dye (blue), and live cells were
inspected for green (Mi-
toVES-F), red (MitoTracker
Red), and blue fluorescence
(Hoechst). The images are
representative of 3 indepen-
dent experiments.
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mitochondria-targeting TPP + group (Fig. 1). We also exposed
ECs to VES4TPP, a compound derived from a-TOS, in which
the TPP + group is attached to the free carboxyl group of the
succinyl moiety via a 4-carbon linker, as well as to shorter-
chain homologs of MitoVES (Fig. 1). To show mitochondrial

localization, a fluorescent analog of MitoVES (MitoVES-F; for
structure see Fig. 1) was prepared by addition of 5-amino-
fluorescein to the free carboxylate of MitoVES. The detailed
description of the synthesis of the mitochondrially targeted
compounds shown in Figure 1 will be published separately.

FIG. 7. Susceptibility of pro-
liferating ECs to MitoVES is
based on their higher mito-
chondrial potential. (A) Con-
fluent (left) and proliferating
(right) EAhy926 cells were sup-
plemented with tetramethylrho-
damine methyl ester (TMRM),
the nuclei were stained with the
Hoechst 33342 dye, and live cells
were inspected by confocal mi-
croscopy. (B) Proliferating and
confluent EAhy926 cells were
fixed, sectioned, and inspected
for mitochondrial morphology
by transmission electron micros-
copy. (C) Proliferating and con-
fluent EAhy926 cells were
incubated with TMRM in the
absence or presence of carbonyl
cyanide 4-(trifluoromethoxy)-
phenylhydrazone (FCCP), and
the relative mitochondrial po-
tential assessed by flow cytome-
try. (D) Proliferating EAhy926
cells were exposed to 5lM Mi-
toVES for 9 h in the presence or
absence of FCCP at the concen-
trations shown (lM) and the le-
vel of apoptosis assessed. (E)
Proliferating and confluent
EAhy926 cells were subjected to
Native Blue electrophoresis to
visualize the individual mito-
chondrial complexes. VDAC1
was used as the loading control.
(F) Cellular extract from conflu-
ent and proliferating ECs was
subjected to SDS-PAGE followed
by western blotting (left panel)
using antibodies to subunits of
complex II (CII) (SDHA), CV
(F1a), CIII (core 2 subunit), and
CI (NDUFA9), and to the outer
membrane constituent porin.
Actin was used as a loading
control. The right panel shows the
ratios of the relative level of in-
dividual proteins detected by
western blotting related to actin
after their densitometric evalua-
tion. Images in panel (A, B, E,
and F, left) are representative of
three independent experiments,
data in panels (C) and (D) are
mean values – SD (n = 3), and
data in panel (F) (right) are aver-
age values – SD derived from the
densitograpic evaluation of the

level of the different proteins obtained with three different amounts of total protein loaded (c.f. panel F, left). The symbol ‘‘*’’
denotes statistically significant differences between the control and treated cells ( p < 0.05).
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Assessment of generation of intracellular ROS

Intracellular ROS levels were assessed by using the fluo-
rescent dye 2¢7¢-dichlorofluorescein diacetate (DCFA). ECs
were seeded in 24-well flat-bottom plates, treated, re-sus-
pended in PBS, and supplemented with 5 lM DCFA, a cell-
permeable, ROS-sensitive dye. After a 30-min incubation in
the dark, the cells were collected, washed, and analyzed by
flow cytometry (FACS Calibur; Becton Dickinson). The level
of ROS was detected as fluorescence intensity and expressed
as fold change with regard to the control.

Assessment of apoptosis and cell cycle

Apoptosis was quantified by using the annexin V-FITC
method, which detects phosphatidyl serine externalized in the
early phases of apoptosis (28, 46). After exposure to various
compounds, floating and attached cells were collected,
washed with PBS, re-suspended in 100ll binding buffer,
incubated for 20min at room temperature with 2 ll annexin
V-FITC plus 10 ll propidium iodide (PI) (10 lg/ml), and an-
alyzed by flow cytometry by using channel 1 for annexin
V-FITC binding and channel 2 for PI staining. Cell cycle was
assessed as reported elsewhere (28).

Assessment of DJm,i

To assess the mitochondrial membrane potential (DCm,i),
we used theDCm,i-sensitive fluorescent probe TMRM (Sigma)
at 50 nM, followed by flow cytometry assessment of red
fluorescence of the mitochondria-accumulated probe. The mi-
tochondrial uncoupler carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone (FCCP; Sigma) was used as a control to
determine nonspecific TMRM loading. The amounts of cells for
various conditions were kept similar.

Native Blue electrophoresis

Confluent and proliferating EAhy926 cells were harvested
by tripsinization, and the cells were resuspended in the Tris/

EGTA buffer containing 200mM sucrose and homogenized on
ice with glass homogenizer at 1600 rpm. Mitochondria were
isolated by differential centrifugation as follows. Lyzed cells
were first centrifuged at 900 g for 10min, and themitochondria-
containing supernatant was spun down by centrifugation at
7000 g for 15min. Mitochondria were solubilized in the ex-
traction buffer (1.5M aminocaproic acid, 50mM Bis-Tris, 0.5M
EDTA, and pH 7) containing 1.3% lauryl maltoside. Samples
comprising 30–60lg of protein were then mixed with the
sample buffer (0.75M aminocaproic acid, 50mM Bis-Tris, 0.5M
EDTA, pH 7, 5% Serva-Blue G-250, and 12% glycerol) and
loaded on the precasted NativePAGE Novex 4%–6% Bis-Tris
gels run overnight at a constant voltage of 25V. Separated
protein complexes were then transferred to the PVDF mem-
brane using the Transblot Invitrogen system. CI, CV, and CIII
were detected with the Mitoprofile total OXPHOS blue native
antibody coctail (MitoSciencesMS 603), CIVwas detectedwith
theMTCO1 (ID6) antibody (AbcamAB14705-100), andCIIwas
detectedwith the SDHA (2E3) antibody (AbcamAB14715-200).

Western blotting and citrate synthase assay

The relative number of mitochondria in the proliferating
and confluent ECs was estimated by using SDS-PAGE (37)
followed by western blotting using a cocktail of monoclonal
antibodies against the following mitochondrial subunits:
NDUFA9 subunit of CI, SDHA subunit of CII, UQCRC2 (core
2) subunit of CIII and ATP5A1 (F1a) subunit of CV (Mi-
tosciences), and polyclonal antibody against porin/VDAC1
(4). Monoclonal antibody against actin (Calbiochem) was
used as a loading control. The membranes were incubated
with secondary antibodies labeledwithAlexa Fluor 680 or 780
(Invitrogen; 1:3000), and the fluorescence was detected by
using the Odyssey Imager (LI-COR) and quantified using the
Aida 3.21 Image Analyzer software (Raytest).

The activity of the mitochondrial matrix enzyme citrate
synthase was spectrophotometrically determined as de-
scribed elsewhere (38).

Cadherin VE expression

For immunofluorescence microscopy, EAhy926 cells at
100% confluence were incubated with anticadherin VE IgG
followed by secondary FITC-conjugated IgG and mounted
with DAPI-containing Vectashield. The cells were inspected
by using a confocal microscope.

Assay of mitochondrial localization of MitoVES

For the acquisition of the localization of MitoVES, the fluores-
cently tagged compound (MitoVE11S-F, green) was synthesized
as will be published elsewhere. EAhy926 cells were grown on
cover slips (at either 50%–60% or 100% confluency), stained with
the nuclear dye Hoechst 33342 (blue), MitoTracker Red (Mole-
cular Probes), and incubated with 10lM MitoVES-F for 30min,
after which they were inspected by using a confocal microscope.

Wound healing and tube-forming activity assessment

ECs were seeded and cultured to complete confluence. The
central region of a monolayer of cells was ‘‘wounded’’ by
scraping away cells, generating a denuded 0.5-mm wide
stripe. Re-growth of cells was assessed by following the ki-
netics of filling the gap, visualized under a microscope
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FIG. 8. Susceptibility of ECs to MitoVES is dependent on
its structure. (A) EAhy926 cells at 50%–60% confluency were
exposed to MitoVES homologs with different length of the
aliphatic chain at 5lM for 12 h, after which the cells were
assessed for the level of apoptosis. (B) Fully confluent
EAhy926 cells were ‘‘injured,’’ and their re-growth followed
in the presence of different MitoVES homologs at 5 lM. The
‘‘healing rate’’ was evaluated as detailed in Materials and
Methods section. The data are mean values – SD (n = 3), and
the symbol ‘‘*’’ denotes statistically significant differences
between the control and treated cells ( p< 0.05).
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equipped with a grid in the eyepiece. The healing rate was
expressed in lm/h.

For the tube-forming activity of ECs, formation of capillary-
like structures in a 3-D setting was assessed, essentially as
described elsewhere (11). Briefly, 300ll of cold Matrigel (BD
Biosciences) per well was transferred with a cold tip by using
a 24-well plate. Matrigel was overlaid with a suspension of
EAhy926 cells so that a total of 200 ll of complete media with
5 · 105 cells was added to each well. After 6 h in the incubator,
the polygonal structures, made by a network of EAhy926
capillaries, were established. The cells were treated, and the
tube-forming activity was estimated by counting the number
of complete capillaries connecting individual points of the
polygonal structures in a light microscope 24 h after trans-
ferring the cells onto Matrigel. Three fields in the central area
were randomly chosen in every well. The number of capil-
laries in control cultures was considered 100%.

Assessment of wound healing in vivo

The mouse in vivomodel of wound healing was essentially
used as described (36), employing the MoorLDI-Mark 2 lazer
Doppler blood perfusion imager (Moore Instruments Ltd.)
(2). C57BL/6 mice between the ages of 8 and 10 weeks were
used. The back of the mouse was shaved with standard ani-
mal hair clippers (No. 40 blade) and disinfectedwith betadine.
Using microdissecting forceps, the skin of the animal was
lifted along the line as shown, and a 4-mm dermal biopsy
punchwas driven through the two folds of skin.MitoVESwas
dissolved in EtOH and applied at the final concentration of
20 lM. Control mice received an identical volume of EtOH.
On day 1, 10 ll of the drug or the excipient were applied at 4
points surrounding the wound via an inward injection. On
day 2 and onward, the drugwas topically applied through the
tegaderm dressing. The images were acquired on day 7.

FIG. 9. MitoVES suppresses tu-
mor progression and angiogenesis
in a mouse model. Female FVB/N
c-neu mice with small tumors
(*40mm3) were treated by intra-
peritoneal injection twice a week
with 100ll 6mM MitoVES in corn
oil with 4% EtOH. Ultrasound im-
aging was used to noninvasively
monitor and quantify tumor pro-
gression (relative volume, A) and
tumor vascularization (C). Panel (B)
shows a representative tumor of
treated and control mice on the in-
dividual days of the experiment,
panel (D) vascularization (2D ul-
trasonograph) of a representative
tumor of the treated and control
mouse on day 17. The data in panels
(A) and (C) are mean values – SD
(n = 6), and the symbol ‘‘*’’ denotes
statistically significant differences
between the control and treated
animals ( p < 0.05).
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Transmission electron microscopy

Cells were subjected to TEM after being processed as de-
scribed (46).

Animal tumor studies

Transgenic FVB/N202 c-neu mice carrying the rat HER2/
neu proto-oncogene driven by theMMTV promoter on the H-
2q FVB/N background (19) were established at the Griffith
University Animal Facility and maintained under strict in-
breeding conditions. About 70% of the female mice develop
spontaneous mammary carcinomas with a mean latency time
of 10 months (6–12 months). Female FVB/N202 rat c-neumice
with small tumors (about 40mm3) were treated with either
100ll 6mM MitoVES in 4% ethanol/corn oil or the same vol-
ume of the excipient by intraperitoneal injection once every 3 or
4 days. Tumor volume and relative vascularization were
quantified by using the Power Doppler Mode of the USI in-
strument (the Vevo770 device fitted with the RMV704 scan-
head from VisualSonics) twice a week after each treatment.
Both the treated and the control group contained at least 6mice.
Mouse body temperature and the setting of the Power Doppler
mode were kept the same throughout the experiment.

All animal experiments were performed according to the
guidelines of the Australian and New Zealand Council for the
Care and Use of Animals in Research and Teaching and were
approved by the Griffith University Animal Ethics Committee.

Statistical analysis

All data shown are mean values of three independent ex-
periments (unless stated otherwise)– SD. Statistical signifi-
cance was assessed by using Student’s t-test, and differences
were considered significant at p< 0.05. For animal experiments,
the difference in the mean relative tumor size– SEM was ex-
amined by using analyses of covariance (ANCOVA) with days
as the covariate. Statistical analyses were performed by using
SPSS� 10.0 analytical software (SPSS). Differences were con-
sidered statistically significant when the value of p< 0.05.
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Abbreviations Used

a-TOS¼ a-tocopheryl succinate
DCm;i¼mitochondrial inner trans-membrane

potential
CI¼ complex I

DCFA¼ 2¢,7¢-dihydrodichlorofluorescein
diacetate

ECs¼ endothelial cells
FCCP¼ carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone
MIM¼mitochondrial inner membrane

MitoQ¼mitochondrially targeted analog of
coenzyme Q

MitoVES¼mitochondrially targeted analog of
a-tocopheryl succinate

MitoVES-F¼fluorescently tagged MitoVES
PI¼propidium iodide
QP¼proximal ubiquinone-binding site

ROS¼ reactive oxygen species
TEM¼ transmission electron microscopy

TMRM¼ tetramethylrhodamine methyl ester
TPP+

¼ triphenyl phosphonium
USI¼ultrasound imaging
VE¼vitamin E
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