
RESEARCH PAPER

An Acetate Prodrug of a Pyridinol-Based Vitamin E Analogue

Omar M. Khdour & Jun Lu & Sidney M. Hecht

Received: 12 February 2011 /Accepted: 24 May 2011 /Published online: 6 July 2011
# Springer Science+Business Media, LLC 2011

ABSTRACT
Purpose To investigate of an approach to stabilize a novel
pyridinol based α–tocopherol analogue (1) as a prodrug by
acetylation of its phenol moiety.
Methods Biochemical indicators of oxidative stress in mito-
chondria were utilized to gain insight into the cytoprotective
mechanism(s) of compound 1 acetate. Oxygen free radical
scavenging activity was measured using DCF probe in a cultured
cell model system that had been placed under oxidative stress.
Lipid peroxidation was examined both in a cell-free system and
in oxidatively stressed cultured cells. The bioenergetic parame-
ters of mitochondria were evaluated by measuring mitochon-
drial membrane potential (Δψm) and the MPT.
Results The present results suggest strongly that the antioxidant
efficacy of compound 1 can be improved by using it as a prodrug.
The tested prodrug has shown to be activated as a function of
time, presumably due to susceptibility to enzymatic hydrolysis,
and exhibits an antioxidant effect in time-dependent manner,
providing a compound that is more effective than α-tocopherol
acetate with regard to all protective properties studied.
Conclusions An effective approach to stabilize compound 1
was realized by using its acetate as a prodrug.
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ABBREVIATIONS
AAPH 2,2’-azobis-(2-amidinopropane)

dihydrochloride
BSO L-buthionine-(S, R)-sulfoximine
C11 BODIPY581/591 4,4-difluoro-5-(4-phenyl-1,3-

butadienyl)-4-bora-3a, 4a-diaza-s-
indacene-3-propionic acid

Calcein AM calcein acetoxymethyl
DCF dichlorofluorescein
DCFH-DA dichlorodihydrofluorescein diacetate
DEM diethyl maleate
DLPC 1, 2-dilinoleoylphosphatidylcholine
DMSO dimethylsulfoxide
EBS Eagle’s balanced salt
FBS fetal bovine serum
FCCP carbonyl cyanide p-

trifluoromethoxyphenylhydrazone
FRDA Friedreich’s ataxia
GSH glutathione
HSSB Hanks’ balanced salt solution buffer
MEM Eagle’s minimal essential medium
ROS reactive oxygen species
SOPC 1-stearoyl-2-oleoyl-phosphatidylcholine
TMRM tetramethylrhodamine methyl ester
α-TOH α-tocopherol
βFGF basic fibroblast growth factor

INTRODUCTION

Mitochondria are key organelles that participate in essential
cellular functions including energy metabolism, calcium
homeostasis and programmed cell death (1–3). The main
source of reactive oxygen species (ROS) in most cell types is
the mitochondria (4,5); ROS are normally detoxified by an
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intricate network of defense mechanisms, including antiox-
idant enzymes and glutathione in the mitochondria and
cytosol (6–8). Oxidative stress is an early event associated
with mitochondrial dysfunction, where the accumulation of
reactive oxygen species (ROS), such as the hydroxyl
radical, superoxide anion, and hydrogen peroxide, are
believed to play a major role in the pathophysiology of
degenerative and mitochondrial diseases (9–14). Oxida-
tive stress describes a condition in which cellular antiox-
idant defenses are insufficient to keep the levels of ROS
below a toxic threshold. The discovery that mitochondrial
dysfunction underlies the pathogenesis of many neurode-
generative and mitochondrial diseases has led to new
therapeutic strategies aimed at ameliorating and restoring
mitochondrial function. Mitochondrial disease therapies
have been envisioned using a variety of small molecule
drugs (15–17).

There is growing interest in the development of
antioxidants that have increased levels of stability,
solubility and pharmacological activity. The antioxidant
properties of α-tocopherol, a major biological radical
quencher, are attributed to its phenolic structure (18,19).
Tocopherols mediate their antioxidant actions by trans-
ferring their phenolic hydrogen atom to lipid radicals, thus
quenching lipid radicals and preventing peroxidation.
Since mammalian cells do not synthesize this chain-
breaking antioxidant, once membrane vitamin E is
consumed as a result of oxidative stress, cellular lipids
are highly susceptible to peroxidation that can result in
cell death. The generation of reactive oxygen species is
believed to play an important role in the pathogenesis of
many mitochondrial diseases such as Friedreich’s ataxia
(FRDA) (9,12). Consistent with this hypothesis, vitamin E
deficiency produces a disease very similar to FRDA (20).

α-Tocopherol and its derivatives have been tested
clinically for the therapy of diseases associated with
oxygen radical production. Recently, it has been dem-
onstrated that the oxidative stability of electron-rich
phenolic compounds can be greatly improved by incor-
porating nitrogen in the aromatic ring (21–23). In a

recent study, we have shown that a lipophilic pyridinol
analogue of tocopherol was capable of quenching lipid
peroxidation more effectively than tocopherol and confer-
ring protection to cultured CEM leukemia cells that had
been placed under oxidative stress (24).

The prodrug approach represents a well-known tool
widely employed to modify the stability and physicochem-
ical characteristics of active compounds and, consequently,
to increase their pharmacological activity and overcome
pharmacokinetic limitations. The concept of a prodrug was
introduced by Albert in the late 1950s (25), and it is defined
as pharmacologically inactive chemical derivative of a
parent drug molecule requiring chemical or enzymatic
transformation within the body to release the parent drug.
Vitamin E is generally administered as a prodrug in the
form of tocopheryl acetate to increase stability and
solubility of the parent tocopherol. This derivative carries
an acetyl moiety at the C-6 phenolic group (Fig. 1) that
blocks the antioxidant properties. However, nonspecific
esterases cleave the ester bond in vivo and release α-
tocopherol in its active form.

In the present study, we explored an approach to
stabilize compound 1 as a prodrug by acetylation of its
phenol moiety. The evaluation of this compound as a
potential prodrug is the focus of this study. We investigated
and compared directly the antioxidant properties of α-
TOH acetate and the acetate of compound 1. Both
prodrugs were shown to be activated as a function of time,
presumably due to susceptibility to enzymatic hydrolysis,
and to exhibit time-dependent increases in antioxidant
activity. Diethyl maleate (DEM) and buthionine sulfoxi-
mine (BSO) were used to deplete GSH in CEM human
leukemia and FRDA fibroblast cells, respectively. Redox-
dependent cell death was prevented by inhibition of ROS
production, lipid peroxidation and loss of mitochondrial
membrane potential (Δψm) in glutathione-depleted cells
pretreated with the acetate of compound 1 or α-tocopherol
acetate. We have examined the oxygen free radical
scavenging activity of the acetate derivatives of compound
1 and tocopherol in a cell-free system. As expected, neither
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Fig. 1 Chemical structures of
vitamin E analogues α-tocopherol
(α-TOH), α-tocopherol acetate
(α-TOH acetate), pyridinol ana-
logue of α-tocopherol (1), and the
O-acetate of compound 1.
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of the prodrugs exhibited any activity. Acetylation of
compound 1 increases its stability and confers properties
characteristic of a prodrug, providing a compound that is
more effective than α-tocopherol acetate with regard to all
protective properties studied.

MATERIALS AND METHODS

Chemicals, including diethyl maleate (DEM), 2,2’-azobis-
(2-amidinopropane) dihydrochloride (AAPH), L-
buthionine-(S, R)-sulfoximine (BSO), (+)-alpha-tocopherol
(α-TOH), (+)-alpha-tocopherol acetate, trolox, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and
N-acetylcysteine, were purchased from Sigma Aldrich (St.
Louis, MO, USA). 1-Stearoyl-2-oleoyl-phosphatidylcholine
(SOPC) and 1, 2-dilinoleoylphosphatidylcholine (DLPC)
were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Fluorescent probes, including C11-BODIPY581/591

(4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a, 4a-
diaza-s-indacene-3-propionic acid), calcein acetoxymethyl
(AM), tetramethylrhodamine methyl ester (TMRM), and
dichlorodihydrofluorescein diacetate (DCFH-DA), were
obtained from Molecular Probes (Eugene, OR, USA).
compound 1 and its acetate were prepared as described
(24). CEM leukemia cells (ATCC, catalogue number CRL-
2264) were cultured in RPMI-1640 medium (Gibco, Grand
Island, NY, USA) with 10% fetal calf serum, 2 mM
glutamine (HyClone, South Logan, UT, USA) and 1%
penicillin–streptomycin antibiotic supplement (Cellgro,
Manassas, VA, USA). Cells were passaged daily to maintain
them in log phase growth and kept at a nominal
concentration of 5–10×105/mL. Primary fibroblasts were
derived from a patient donor with a molecular diagnosis of
FRDA. This cell line was obtained from Coriell Cell
Repositories (Camden, NJ, USA; catalog number GM-
04078). Fibroblasts were cultured in 64% (v/v) Eagle’s
minimal essential medium (MEM), lacking phenol red with
Eagle’s balanced salt (EBS) and 25% M199 with EBS
(Gibco) supplemented with 15% (v/v) fetal bovine serum
albumin (HyClone), 1% penicillin–streptomycin antibiotic
mix (Cellgro), 10 μg/mL insulin (Sigma Aldrich), 10 ng/mL
basic fibroblast growth factor (βFGF) (Lonza, Walkersville,
MD, USA) and 2 mM glutamine. Cells were grown in 75 cm2

culture flasks and incubated at 37°C in a humidified
atmosphere of 5% CO2 in air. Cells were fed twice weekly
and split every third day at a ratio of 1:3.

Assessment of Reactive Oxygen Species Production

Intracellular ROS levels were monitored using 2’,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA) (26), a
membrane-permeable and oxidant-sensitive fluorescent

dye. DCFH-DA is a non-fluorescent derivative of fluores-
cein that emits fluorescence after being oxidized by ROS.
DCFH-DA is readily taken up by cells and intracellularly
cleaved by endogenous esterases and is retained by viable
cells. In the presence of ROS, including hydrogen peroxide,
DCFH is oxidized to the highly fluorescent dichlorofluor-
escein (DCF). Intracellular DCF fluorescence is used as an
index of cellular ROS production.

Cellular oxidative stress was induced by pharmacological
depletion of glutathione (GSH) using diethyl maleate (DEM)
(27–29). ROS production was assessed by monitoring DCF
fluorescence. CEM leukemia cells were cultured in RPMI
medium with 10% FBS, 2 mM glutamine and 1% penicillin–
streptomycin. CEM cells (5×105 cell/mL) were plated (1 mL
in 12-well plates) and treated with the test compounds at final
concentrations of 1 and 5 μM and incubated at 37°C for 1–
24 h in a humidified atmosphere containing 5% CO2 in air.
The test compounds were prepared by first making 5 mM
stock solutions in DMSO. Cells were treated with 5 mM
DEM for 30 min, collected by centrifugation at 300 × g for
3 min, and then washed twice with phosphate-buffered saline.
Cells were resuspended in Hanks’ balanced salt solution buffer
(HSSB) and incubated at 37°C in the dark for 20 min with
10 μM DCFH-DA. Cells were collected by centrifugation at
300 × g for 3 min, then washed twice with phosphate-
buffered saline. The samples were analyzed immediately by
flow cytometry (Becton-Dickinson FACS Caliber instrument
equipped with Cell Quest software, BD Biosciences, Rockville,
MD, USA) using a 488 nm excitation laser and FL1-H
channel 538 nm emission filter. In each analysis, 10,000
events were recorded. Results obtained were verified by
repeating the experiments in triplicate.

Assessment of Lipid Peroxidation

Membranous lipid peroxidation was detected by fluores-
cence of C11-BODIPY581/59, a lipophilic probe incorporat-
ed in cellular membranes, where it changes its emitted
fluorescence from red to green upon oxidation by lipid
radicals (30,31). As the oxidation of C11-BODIPY581/59 is
proportional to the extent of lipid peroxidation of polyun-
saturated fatty acids in the membrane, it can serve as an
indicator of lipid peroxidation in cell membranes and
membrane model liposomes.

Preparation of Liposomes Vesicles

Phosphatidylcholine liposomes were prepared as described
(32). Briefly, 25 mg of DLPC and 25 mg of SOPC were
dissolved in chloroform, and the solvent was concentrated
to dryness under a stream of nitrogen to give a thin film of
phosphatidylcholine in a round-bottomed flask. The lipid
film was hydrated with 50 mL of 10 mM Tris–HCl, pH
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7.4, containing 100 mM KCl, then shaken and sonicated
on ice for 15 s. The liposomes so obtained were filtered
through a 0.2 μM membrane filter.

Measurement of C11-BODIPY581/591 Oxidation
in Membrane Model Liposome Vesicles

C11 BODIPY581/591 was incorporated into liposomes and
oxidized by peroxyl radicals derived from the decompo-
sition of AAPH in presence and absence of the test
compounds. Briefly, liposomes (1 mg/mL), suspended in
10 mM Tris–HCl, pH 7.4, containing 100 mM KCl,
were transferred to a 1-mL quartz cuvette and placed in
a Varian Cary Eclipse fluorometer (Varian, Cary, NC,
USA) equipped with a thermostatted cuvette holder at
40°C. Liposomes were pre-incubated at 40°C for 10 min
with 200 nM C11 BODIPY581/591 to allow their incorpo-
ration into the lipid phase of the liposomes. After the
addition of 10 mM AAPH, the decay of red fluorescence
emission was followed at λex 570 nm, λem 600 nm.
Relative fluorescence units were normalized to 100%
intensity. The results obtained were verified in three
independent experiments.

Flow Cytometric Measurement of C11-BODIPY581/591

Oxidation in Cell Culture

Lipid peroxidation in CEM leukemia cells was detected by
utilizingtheoxidant-sensitivelipophilicprobeC11BOD-
IPY,

581/591 as described previously (30,31). Briefly, CEM
cells (5×105 cell/mL) were treated with the test compounds
at final concentrations of 1 and 5 μM and incubated at 37°
C for 1–24 h in a humidified atmosphere containing 5%
CO2 in air. Cells were treated with 500 nM C11

BODIPY581/591 in phenol red-free RPMI-1640 media
and incubated at 37°C in the dark for 30 min. Oxidative
stress was induced with 5 mM DEM in phenol red-free
RPMI-1640 media for 90 min. Treated cells were collected
by centrifugation at 300 × g for 3 min and then washed
twice with phosphate-buffered saline. Cells were resus-
pended in 250 μL of phosphate-buffered saline and were
analyzed by FACS (FACS Calibur flow cytometer, Becton
Dickinson) to monitor the change in intensity of the C11

BODIPY581/591-green (oxidized) fluorescence signal.

Fluorescent Microscopic Examination of Lipid
Peroxidation

Measurement of the extent of lipid peroxidation in FRDA
fibroblasts was carried out after treatment with 1 mM BSO,
in presence and absence of 5 μΜ compound 1 acetate or α-
tocopherol acetate. Briefly, FRDA fibroblasts (2×105

cells/mL) were seeded in cover slips (Corning, Corning,

NY, USA) in 6-well plates. The plates were incubated at
37°C overnight in a humidified atmosphere of 5% CO2 in
air to allow attachment of the cells to the cover slips. The
following day, cells were treated with 5 μΜ compound 1
acetate or α-tocopherol acetate and incubated for an
additional 12 h before treatment with 1 mM BSO. Lipid
peroxidation was assessed after 16 h. The cell culture
medium was discarded by aspiration, and each well of the
cell culture plate was washed with pre-warmed (37°C)
phosphate-buffered saline. The cells were then treated
with 1 µM C11 BODIPY581/591 at 37°C for 30 min. Glass
cover slips were rinsed with phosphate-buffered saline and
mounted onto slides, and images were recorded and
analyzed with a Zeiss AxioCam MRm and AxioVision
3.1 software (Carl Zeiss Goettingen, Germany) on a Zeiss
Axiovert 200 M inverted microscope, equipped with a 40x
oil immersion objective.

Measurement of Mitochondrial Membrane Potential
(Δψm)

The mitochondrial membrane potential (Δψm) is a major
indicator of mitochondrial function. Higher mitochondrial
membrane potential normally implies better mitochondrial
function (33). The mitochondrial membrane potential was
assessed by TMRM staining. This indicator dye is a
lipophilic cation which accumulates within mitochondria in
accordance with the Δψm Nernst potential (34). Upon
accumulation, this dye exhibits a red shift in both absorption
and fluorescence emission spectra. The fluorescence intensity
is quenched when the dye is accumulated by mitochondria.
Briefly, CEM leukemia cells were pre-treated with or without
the test compounds for 1–24 h. The cells were treated with
5 mM DEM for 120 min, collected by centrifugation at
300 × g for 3 min, and then washed twice with phosphate-
buffered saline. The cells were resuspended in HSSB buffer
and incubated at 37°C in the dark for 15 min with 250 nM
TMRM. Cells were collected by centrifugation at 300 × g
for 3 min and were then washed twice with phosphate-
buffered saline. The samples were analyzed immediately by
flow cytometry using 488 nm excitation laser and the FL2-H
channel. The results obtained were verified in three
independent experiments. The protonophore FCCP
(30 μM) was used to dissipate the chemiosmotic proton
gradient (ΔμH+) and served as a control for loss of Δψm. In
each analysis, 10,000 events were recorded.

Measurement of the Mitochondrial Permeability
Transition (MPT)

The MPT was assayed by measuring calcein fluorescence
quenched by cobalt ion in mitochondria, as described
previously (35), using the MitoProbe Transition Pore Assay
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Fig. 2 Representative flow cytometric histograms overlay showing the time-dependent dose response effect of α-TOH and compound 1 acetate on ROS
production in glutathione-depleted CEM cells. Following pretreatment with the indicated compounds (1 μM) (a) or (5 μM) (b) for different time points
(1, 3, or 6 h), the cells were treated with or without 5 mM diethyl maleate (DEM) for 30 min to induce oxidative stress by glutathione depletion. The cells
were washed twice in phosphate-buffered saline and then suspended in Hanks’ Balanced Salt Solution buffer (HSSB). Cells were loaded with 10 μΜ
dichlorodihydrofluorescein diacetate (DCFH-DA) for 20 min in the dark, and the green fluorescence (DCF) was measured by flow cytometry using the
FL1-H channel. The figure shows a representative example of three independent experiments. In each analysis, 10,000 events were recorded. Increased
DCF fluorescence, a measure of intracellular oxidation and ROS production, was determined by a shift in DCF fluorescence to the right on the x-axis of
the FACS histogram. The bottom right panel shows a bar graph of mean DCF fluorescence values (a.u.) recorded by FACS and represents the mean
fluorescence intensity (MFI) of the flow histogram profiles calculated using CellQuest software. Data are expressed as means±SE (n=3). compound
1 acetate exhibited better cytoprotection against ROS than α-tocopherol acetate.
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Kit (Molecular Probes, Eugene, OR, USA). This method
allows direct visualization of permeability changes in
mitochondria in situ. Upon addition of calcein acetoxymethyl
ester, the dye enters the cells and becomes fluorescent upon
de-esterification and oxidation. Co-loading of cells with
cobalt chloride quenches the fluorescence in the cell, except
in mitochondria, as cobalt cannot cross the mitochondrial
membrane. When the MPT pore is activated, the fluores-
cence from the mitochondrial calcein is also quenched by
cobalt, and MPT openings can be detected. Briefly, FRDA
fibroblasts (2×105 cells/mL) were seeded in cover slips
(Corning) in 6-well plates. The plates were incubated at
37°C overnight in a humidified atmosphere of 5% CO2

in air to allow attachment of the cells to the cover slips.
The following day, cells were treated with 15 μΜ
compound 1 acetate or α-tocopherol acetate and incubat-
ed for an additional 12 h before treatment with 1 mM
BSO. Mitochondrial membrane integrity was assessed
after 16 h. The cell culture medium was removed by
aspiration, and each well was washed twice with pre-
warmed (37°C) Hanks’ balanced salt solution (144 mM
NaCl, 10 mM Hepes, 2 mM CaCl2, 1 mM MgCl2, 5 mM
KCl, and 10 mM glucose, pH 7.4). Cells were incubated
at 37°C in fresh HSSB containing 1 μM calcein
acetoxymethyl ester and co-stained with 50 nM TMRM
and 5 μg/mL Hoechst 33342 in the presence of 1 mM
cobalt chloride for 20 min. Following cobalt quenching,
cover slips were rinsed with phosphate-buffered saline and
mounted onto slides, and images were collected within
30 min, as described above. This method has been
validated by the addition of 0.5 mM CaCl2 along with
the calcium ionophore ionomycin (5 μM) to cultures in
(HSSB) previously loaded with calcein and CoCl2.

Trypan Blue Cell Viability Assay

Cell viability was determined by trypan blue exclusion assay.
This technique was used to assess the cytoprotective effects of
the tested compounds in cultured cells treated with DEM to
induce cell death by GSH depletion. The viability of DEM-
treated CEM cells was determined by their ability to exclude
the dye trypan blue. Viable cells exclude trypan blue, whereas
non-viable cells take up the dye and stain blue. Briefly, CEM
cells were grown in RPMI 1640 medium (Gibco) supple-
mented with 10% fetal calf serum, 2 mM glutamine
(HyClone) and 1% penicillin–streptomycin mix (Cellgro).
Cells were seeded at a density of 5×105 cells/mL and treated
with different concentrations of the indicated compounds.
Cells were incubated at 37°C in a humidified atmosphere
of 5% CO2 in air for 6 or 24 h. After pre-incubation, the
cells were treated with 5 mM DEM. Cell viability was
determined by staining cells with 0.4% trypan blue using a
hemacytometer. At least 500 cells were counted in each

experimental group. At the time of assay, >90% of DEM-
treated cells were trypan blue positive, whereas in non-
DEM-treated control, cell cultures >95% cells were viable.
Cell viability was expressed as the percentage of control. Data
are expressed as means±S.E.M. (n=3).

RESULTS

Compound 1 Acetate Reduces ROS Levels
in Glutathione-Depleted CEM Leukemia Cells

GSH is a physiological oxidant scavenger, reacting as either
a one-electron donor to radicals or a two-electron donor to
electrophiles, and occurs in all mammalian cell types (36).
Lowering GSH levels in CEM cells was found to cause a
significant increase in both cellular and mitochondrial ROS
levels (27,29). Therefore, we analyzed the ROS levels in
DEM-treated CEM leukemia cells using DCFH-DA, which
is converted to DCF by ROS-mediated oxidation (26). Cells
stained with DCF were analyzed by fluorescent-activated

Fig. 3 (a) Redox-silent tocopherol acetate and compound 1 acetate
showed no significant protection against lipid peroxidation induced by peroxyl
radicals generated from thermal decomposition of AAPH in phospholipid
liposomes in Tris-HCl buffer at 40°C. Parent compound 1 showed significant
protection against lipid peroxidation as compared with tocopherol by
measuring their ability to preserve the fluorescence of C11-BODIPY581/591

in presence of 10 mM AAPH. Relative fluorescence units are normalized to
100% intensity. An independent repeat experiment gave identical results.
(b) Lipid peroxidation in CEM leukemia cells depleted of glutathione.
Representative flow cytometric histograms overlay showing lipid peroxida-
tion in CEM cells. Following pretreatment with the indicated compounds at
1 μM concentration for the indicated preincubation time (upper panels) or
at 5 μM concentration (lower panels), cells were treated with 500 nM C11-
BODIPY581/591 in the dark at 37°C for 30 min before inducing lipid
peroxidation with 5 mM diethyl maleate (DEM) for 90 min and then
subjected to flow cytometry analysis using FL1-H channel for C11-
BODIPY581/591—green (oxidized form). The figure shows a representative
example of three independent experiments. In each analysis, 10,000 events
were recorded. Increased C11-BODIPY581/591—green fluorescence, a
measure of intracellular lipid peroxidation, was determined by a shift in
BODIPY581/591—green fluorescence to the right on the x-axis of the FACS
histogram relative to the untreated control. Bottom right of each panel
shows a bar graph of mean C11-BODIPY581/591—green (oxidized form)
fluorescence (a.u.) recorded by FACS and represents the geometric means
of the above flow cytogram profiles calculated using CellQuest software.
Data are expressed as means±SE (n=3). Compound 1 acetate showed
better protection against lipid peroxidation than α-tocopherol acetate in a
concentration- and time-dependent fashion. (c) Effect of the two prodrugs,
α-tocopherol acetate and compound 1 acetate, on lipid peroxidation in
cultured primary fibroblasts from a Friedreich’s ataxia patient (GM-04078)
after treatment with buthionine sulfoximine (BSO). Fluorescence microsco-
py analysis of FRDA fibroblasts stained with C11-BODIPY581/591 red
(reduced form) and co-stained Hoechst 33342. Red fluorescence (C11-
BODIPY581/591 red (reduced form)) represents non-oxidized lipids, and
green fluorescence (C11-BODIPY581/591 green (oxidized form)) represents
oxidized lipids. Panels i, ii, iii, and iv represent untreated control, treated
control (BSO, 16 h), compound 1 acetate (5 μM), and tocopherol acetate
(5 μM) respectively.

�
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cell sorting. Figure 2 shows representative DCF overlay
FACS histograms of CEM cells stained with DCFH-DA
and analyzed, as described in “Materials and Methods.”
The results clearly show a significant decrease in the
intensity of DCF fluorescence in a concentration- and
time-dependent manner. Pre-incubation with 1 μM com-
pound 1 acetate resulted in complete protection against
ROS after 6 h, while the use of 5 μM compound 1 acetate
afforded protection after 3-h preincubation. α-TOH ace-
tate was fully protective only after 12 h preincubation (see
Supplemental Material Figure S1).

Assessment of Lipid Peroxidation in a Cell-Free
Membrane Model System

The ability of α–tocopherol acetate and compound 1 acetate
to quench lipid peroxidation using a C11-BODIPY581/591

liposome system initiated by addition of the free radical
generator 2,2’-azobis-(2-amidinopropane) dihydrochloride
(AAPH) was assessed as illustrated in Fig. 3a. Formation of
lipid peroxides was quantified using the fluorescent lipophilic
probe C11-BODIPY581/591, which relies on the trapping of
peroxyl radicals. The use of liposomes incorporating

C11-BODIPY581/591, with peroxynitrite, resulted in apparent
peroxidation, since oxidation of this probe results in a change
of its emitted fluorescence from red to green (30,31). The
parent compound (compound 1) was more effective in
preventing lipid peroxidation than α-TOH (Fig. 3a). As
anticipated, neither of the acetate derivatives (prodrugs) had
any significant effect on quenching lipid peroxidation in the
cell-free system.

Assessment of Lipid Peroxidation in Cultured Cells

Lipid peroxidation was determined in CEM leukemia cells by
monitoring the fluorescence of the peroxidation-sensitive dye
C11-BODIPY581/591, which incorporates into membranes.
Increased C11-BODIPY581/591-green (oxidized) fluorescence,
a measure of peroxyl radical production, was determined by
a shift in green fluorescence to the right on the x-axis of the
FACS histogram. Figure 3b shows representative BOD-
IPY581/591-green FACS histograms overlay of CEM leuke-
mia cells stained with BODIPY581/591-red (reduced) and
analyzed using the FL1-H channel, as described in “Materi-
als and Methods.” Glutathione depletion by DEM treatment
caused the BODIPY581/591-green fluorescence to shift right

Fig. 3 (continued)
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on the x-axis of the FACS histogram (Fig. 3b), indicating
increased peroxidation as a result of glutathione depletion.
Pretreatment of the CEM cells with compound 1 acetate
blocked lipid peroxidation in both a concentration- and
time-dependent manner. α-TOH acetate showed partial or
no protection at preincubation times up to 6 h, but was
essentially equally as effective as compound 1 acetate after
24 h (Fig. 3b and Supplementary Material Fig. S2).

Similar results were obtained using fluorescence microsco-
py analysis in cultured primary fibroblasts from a Friedreich’s
ataxia patient (GM-04078) after glutathione depletion result-
ing from buthionine sulfoximine (BSO) treatment for 16 h.
Fluorescent microscopy analysis revealed that FRDA fibro-
blasts treated with 1 mM BSO were significantly under
oxidative stress, as shown by increasing in BODIPY581/591-
green (oxidized) (Fig. 3c). Fig. 3c shows that oxidation of
BODIPY581/59 is strongly attenuated when Friedreich’s
fibroblasts were pretreated with α-TOH acetate or com-
pound 1 acetate at 5 μM concentration.

Compound 1 Acetate Protects Against DEM-Induced
Mitochondrial Membrane Depolarization in Cultured
CEM Leukemia Cells

To demonstrate that reduction in mitochondrial oxidative
stress can protect against mitochondrial dysfunction, we
examined the effect of the pyridinol-based tocopherol
acetate analogue on mitochondrial membrane depolariza-
tion caused by treatment of CEM leukemia cells with
DEM. Mitochondrial membrane depolarization is a critical
antecedent event to cell death. TMRM, a fluorescence
cationic indicator, is taken up into mitochondria in a
potential-dependent manner, and the opening of the
mitochondrial permeability transition pore and depolariza-
tion leads to diminished labeling of the mitochondria by the
fluoroprobe. We used Mitotracker TMRM to determine
whether compound 1 acetate preserves mitochondrial
membrane polarization. Figure 4 illustrates representative
two-dimensional density dot plots of TMRM-stained cells
showing the percentage of cells with intact Δψm (TMRM
fluorescence in top right quadrant) vs the percentage of cells
with reduced Δψm (TMRM fluorescence in bottom left and
right quadrants). Figure 4a,b (bottom panels) shows bar
graphs of the percentage (mean±S.E.) of CEM cells with
intact Δψm. The results show that DEM treatment reduced
the percentage of cells with TMRM fluorescence in the top
right quadrant, indicating that DEM treatment caused
depolarization of Δψm. Once again, Δψm protection was
both concentration- and time-dependent (Fig. 4, Supple-
mentary Material Fig. S3). As illustrated in Fig. 4a,
preincubation the CEM cells for 6 h with 1 μM test
compounds prior to stressing the cells with DEM resulted in
nearly full protection by compound 1 acetate, but only

partial (50%) protection by tocopherol acetate (top panel a).
Increasing the concentration of test compounds to 2.5 μM
resulted in increasing protection (top panel b). The ability
of the parent compound 1 to protect the mitochondrial
membrane diminished as the preincubation time was
increased to 24 h (Supplementary Material Fig. S3).

Compound 1 Acetate Protects Against DEM-Induced
Mitochondrial Permeability Transition (MPT)
in Cultured Primary FRDA Fibroblasts

Oxidative stress, in addition to resulting in mitochondrial
calcium overload, is known to trigger the MPT and can be
induced by glutathione depletion (37,38). The role of the
mitochondrial permeability transition in cell physiology and
pathology is still controversial, in part because of lack of an
appropriate method for direct demonstration of MPT in
intact cells. The MPT is a Ca2+-dependent process often
associated with oxidative stress and various other factors
(39). As the identity of individual components of the MPT
pore remains controversial, the MPT is characterized by
opening of the permeability transition pore in the inner
mitochondrial membrane that increases permeability and
leads to collapse of Δψm and cell death.

To determine the changes in mitochondrial permeability
and membrane potential, a double-staining method with
fluorescent dyes, calcein-AM and tetramethylrhodamine
fluorescent methyl ester (TMRM), was used as described
before (35) with some modification. TMRM is a cell-
permeable, voltage-sensitive dye that accumulates in ener-
gized, but not depolarized, mitochondria. As cobalt is
impermeable to the inner mitochondrial membrane, it does
not enter the mitochondria, so calcein in the mitochondria is
not quenched. Under normal conditions, both TMRM and
calcein colocalized in the mitochondria as shown in Fig. 5 (a).
However, glutathione depletion induces the mitochondrial
permeability transition (37,38), making the mitochondria
permeable to solutes, and depolarizes the membrane poten-
tial. Thus, mitochondria lose TMRM and become permeable
to cobalt, which quenches mitochondrial calcein as shown in a
redox-dependent MPT in glutathione-depleted cells (Fig. 5b).
As shown in Fig. 5c and d, both prodrugs prevented BSO-
induced MPT in FRDA fibroblasts.

Compound 1 Acetate Blocks Cell Death in Cultured
CEM Leukemia Cells After GSH Depletion

Since α-tocopherol acetate and compound 1 acetate
blocked ROS production and lipid peroxidation and
preserved mitochondrial structure in cultured cells, it was
logical to believe that they might enhance cell viability.
Accordingly, we determined cell viability after DEM treat-
ment of the cells. Figure 6 shows that compound 1 acetate was
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effective in preventing loss of cell viability in CEM cell after
treatment with DEM and did so in a concentration-dependent
manner. α-Tocopherol acetate was less effective in protecting
the CEM cells at all tested concentrations.

DISCUSSION

Beyond a fundamental role in energy metabolism, mito-
chondria also play key roles in maintenance of cellular
redox potential, calcium homeostasis, as well as apoptosis
and cell death. In addition, mitochondria are both a major
source of reactive oxygen species (ROS) and a target for their

damaging effects. In recent years a number of pharmacological
antioxidant strategies have been developed aimed at blocking
ROS production and lipid peroxidation (15,16). In order to
develop novel antioxidants better than vitamin E, several
attempts to synthesize vitamin E analogues have been
reported (40–45). Recently, we reported a new synthetic
analogue of α-tocopherol (compound 1) which was more
effective than α-tocopherol as scavenger of reactive oxygen
species in glutathione-depleted leukemia CEM cells and
prevented lipid peroxidation in mitochondrial membranes
(24). To improve stability, vitamin E is commonly used as a
non-active esterified prodrug. Such esters are believed to be
hydrolyzed in vivo by nonspecific esterases to the free active

Fig. 4 Representative flow cyto-
metric two-dimensional color
density dot plot analyses of mito-
chondrial membrane potential
Δψm in CEM cells stained with
250 nM TMRM and analyzed
using the FL2-H channel as
described in “Materials and Meth-
ods.” Following pretreatment with
the indicated compounds (1 μM
or 2.5 μM) for the indicated
preincubation time, the cells were
treated with 5 mM diethyl maleate
(DEM) for 120 min. The cells
were washed twice in phosphate-
buffered saline and suspended in
Hanks’ Balanced Salt Solution
buffer. Cells were loaded with
250 nM TMRM for 15 min, and
the red fluorescence was mea-
sured by flow cytometry using the
FL2-H channel. The percentage of
cells with intact Δψm is indicated
in the top right quadrant of
captions. Representative example
from at least three independent
experiments. In each analysis,
10,000 events were recorded.
Bottom panel shows a bar graph
of means the percentage of cells
with intact Δψm recorded by
FACS. Data are expressed as
means±SE (n=3).
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form of the compound. In the present study, we adopted this
approach by acetylation of the phenolic OH group of
compound 1.

The cytoprotective properties of the derived acetate were
characterized using cultured CEM leukemia and FRDA
fibroblast cells depleted of glutathione (GSH). Diethyl maleate
treatment at 5 mM concentration rapidly depletes cellular
glutathione (GSH) and results in lipid peroxidation and
necrotic cell death in cultured CEM leukemia cells (27–29).
Primary fibroblasts in cell culture lose viability when depleted
of GSH using L-buthionine-(S,R)-sulfoximine (BSO), which
irreversibly blocks γ-glutamyl cysteine synthase, the rate-
limiting enzyme in glutathione synthesis (46). Fibroblasts
from FRDA patients, but not normal cells, die after GSH
depletion resulting from treatment with BSO; this effect can

be blocked by antioxidants (47). To evaluate compound 1
acetate as a potential prodrug capable of protecting
mitochondrial functions, several types of experiments were
done.

GSH-depleting agents can induce rapid peroxidation of
cellular lipids due to the increased production of ROS (48). In
this study, oxidative stress was induced by GSH depletion, and
compound 1 acetate potently inhibited the increase in ROS in
a concentration- and time-dependent manner. The timing of
treatment (1–24 h) of CEM cells with the tested compounds
prior to stressing the cells with diethyl maleate can be
important, as shown in Fig. 2, and Supplementary Material
Fig. S1). Pretreatment of CEM cells with 1 or 5 μM α-
tocopherol acetate for short time periods (1–6 h) prior to
DEM treatment resulted in incomplete or partial protection,

Fig. 4 (continued)
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whereas compound 1 acetate afforded complete protection
after 6 h at 1 μM concentration and 3 h at 5 μM (Fig. 2).
After a 24-h preincubation, both compounds were able to

afford complete protection against DEM-induced oxidative
stress (Supplementary Material Fig. S1).

Assessment of oxidative membrane injury has been
approached through a variety of biochemical and biophys-
ical methods, and such measurements provide an important
analytical index that can be used to evaluate membrane
damage (49). In the cell-free system used here, as expected,
both compounds lacked any significant effect in quenching
lipid peroxidation, whereas parent compound 1 largely
prevented lipid peroxidation initiated by the thermal
decomposition of AAPH (Fig. 3a). The lack of activity of
the acetates is certainly due to the absence of enzymatic
transformation of the prodrugs to their active forms. C11-
BODIPY581/591 was also used as a redox-sensitive lipid
peroxidation reporter in living cells; its fluorescence
changes irreversibly from red to green upon exposure to
ROS (30,31). compound 1 acetate was more effective in
blocking lipid peroxidation in DEM-treated CEM cells
than was α-tocopherol. Again, the effect was both concen-
tration- and time-dependent (Fig. 3b). α-Tocopherol failed
to confer any protection at short preincubation time prior
to stressing the cell with DEM. The shift of the fluorescence
from red to green correlated well with the formation of
phospholipid peroxides. This was determined by a shift in

a            untreated control b    treated control (1 mM BSO)

c compound 1 acetate (15 µM) + BSO d TOH acetate ( 15 µM) + BSO

Fig. 5 Effects of the two pro-
drugs (α-tocopherol acetate and
compound 1 acetate) in blocking
the induction of the MPT in
BSO-stressed cultured primary
fibroblasts from a Friedreich’s
ataxia patient (GM-04078).
Calcein-cobalt quenching assay
was used for the evaluation of
opening of the mitochondrial
permeability transition pore.
Mitochondria were co-stained
with TMRM (50 nM); nuclei were
stained with Hoechst 33342
(5 μg/mL). The representative
fluorescence microscopy images
of calcein signal (green) that were
overlapped with TMRM (red) was
shown. (a–d) Untreated control,
treated control (BSO, 16 h),
compound 1 acetate (15 μM),
and tocopherol acetate (15 μM)
respectively.

Fig. 6 Trypan blue exclusion assay of CEM cells treated with test
compounds. CEM cells were incubated in RPMI medium (control) with
compound 1 acetate, or α-tocopherol acetate for 24 h, followed by 5 mM
DEM treatment. Cell viability was determined by trypan blue exclusion
analysis at 4 h after DEM treatment. At least 500 cells were counted for
each experimental group. At the time of assay, >90% of the DEM-treated
cells were trypan blue positive; in non-DEM treated control cell cultures
>95% cells were viable. Cell viability was expressed as the percentage of
control. Data are expressed as means±S.E.M. (n=3).
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green fluorescence to the right on the x-axis of the FACS
histogram (Fig. 3b). Similar results were obtained using
C11-BODIPY581/591 for fluorescence microscopy analysis of
lipid peroxidation in FRDA fibroblasts treated with BSO.
FRDA cell monolayers were stained with the fluorescent
probe (Fig. 3c). The dye is incorporated into the phospho-
lipid membrane due to its hydrophobicity. Those cells
untreated with any oxidant were bright red (Fig. 3c, i),
suggesting a normal state, while cells treated with BSO
were bright green due to oxidation of the phenyldiene side
chain by peroxyl radicals (Fig. 3c, ii). In Fig. 3, iii and iv, it
is shown that oxidation of C11-BODIPY581/591 was strongly
attenuated when FRDA fibroblasts were pretreated with α -
tocopherol acetate and compound 1 acetate.

Compound 1 acetate effectively prevented the loss of
Δψm in a concentration- and time-dependent manner
(Fig. 4). Once again, α-tocopherol acetate was not effective
in maintaining Δψm at shorter preincubation times
prior to stressing the cells with DEM (Fig. 4). After a
24-h preincubation, both compounds afforded complete
protection against loss of Δψm under DEM-induced oxida-
tive stress (not shown).

We found that compound 1 acetate prevented mito-
chondrial membrane permeabilization in FRDA cells after
BSO treatment (Fig. 5) and the death of cultured CEM
cells after GSH depletion (Fig. 6). The mechanisms of
protection likely involved scavenging ROS production,
quenching lipid peroxidation, and preservation of mito-
chondrial protein thiol redox status, which prevented the
loss of Δψm and precluded the mitochondrial permeability
transition. The present work establishes the antioxidant
properties of this prodrug in inhibiting mitochondrial lipid
peroxidation, as well as the occurrence of Ca2+ activation
of mitochondrial permeability transition pore and depolar-
ization. These observations are consistent with the hypoth-
esis that oxidation of critical thiols or other oxidant-
sensitive functionalities underlies the mechanisms for the
induction of Ca2+-induced MPT and mitochondrial dys-
function (50).
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