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Antioxidants themselves are oxidized to prevent
oxidation of other molecules. One may ask if the ox-
idized antioxidants are safe for humans. However,
there is very little information on the toxicity of ox-
idized antioxidants. We previously identified cyto-
toxic compounds in the products from oxidation of
sesamol, a potent antioxidant in sesame oil. In this
study using a flow cytometer with fluorescent probes,
we revealed cytotoxic characteristics of two isomeric
dimers (dimer A and B) in rat thymocytes. Increase
in cell lethality by dimer A was more profound than
those by sesamol and dimer B. The incubation of cells
with dimer A increased the populations of shrunken
cells and the cells with phosphatidylserine exposed on
outer surface of cell membranes. Since these phe-
nomena are parameters for early stage of apoptosis,
the results indicate that dimer A may promote the
process of apoptosis. However, the population of the
cells containing hypodiploid DNA, a parameter for
late stage of apoptosis, was decreased by the incuba-
tion with dimer A. It was not the case for dimer B.
Results indicate that dimer A may inhibit the degra-
dation of DNA during apoptosis. Taken together, it
is likely that dimer A exerts both proapoptotic action
and inhibitory action on late stage of apoptosis in rat
thymocytes.
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INTRODUCTION

Antioxidants are generally supposed to protect
cells against oxidative damage, resulting in contri-
bution to health benefits, because the compounds
themselves are oxidized to prevent oxidation of bi-
ological molecules. Antioxidants are also oxidized
under usual storage in air. Therefore, one may ask if
the oxidized antioxidants are safe for humans. For
example, the oxidized form of ascorbic acid, an an-
tioxidant, has toxic effects on biological systems.1)

In the case of quercetin, one of naturally occur-
ring polyphenolic antioxidants, the oxidized form of
quercetin reacts with thiols and it is predicted to im-
pair several vital enzymes.2) However, there is still
very little information on the toxicity of oxidized
antioxidants.

Sesamol (3,4-methylenedioxyphenol) is one of
phenolic antioxidants in sesame oil (seed oil of
Sesamum indicum).3, 4) This antioxidant is reported
to exert many beneficial actions such as antimu-
tagenic, chemopreventive, and antihepatoxic ac-
tions.5–10) However, we previously determined
some cytotoxic compounds produced by the oxi-
dation of sesamol.11, 12) In this study, the cytotoxic
characteristics of two isomeric dimers (dimer A and
B of Fig. 1) were investigated in rat thymocytes by
the use of a flow cytometer with appropriate fluores-
cent probes. Here, we describe that one of isomeric
dimers (dimer A) possesses both proapoptotic ac-
tion and inhibitory action on late stage of apoptosis
in rat thymocytes.

Thymocyte was used for a model experiment of
cytotoxicity induced by chemical compounds13, 14)

because of the following reasons. First, cell mem-
branes remain intact because single cells are pre-
pared without enzymatic treatment. Second, sev-
eral types of hormones, biological compounds, and
chemicals induce cell death (necrosis and apoptosis)
in thymocytes.15) Third, the process of cell death in
thymocytes is well defined.16)

MATERIALS AND METHODS

Isolation of Cytotoxic Dimmers —— Oxidation of
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Fig. 1. Chemical Structures of Isomeric Dimers Produced by
Oxidation of Sesamol

sesamol was carried out as follows.11, 12) 720 mM
FeCl3 aqueous solution (1 ml) was added to ethanol
solution (100 ml) containing sesamol (1 g) in a
screw-capped glass bottle (500 ml). The bottle was
incubated for 9 days at 40◦C. Thereafter, the solu-
tions in the bottle were evaporated. The residue
was dissolved in ethyl acetate, and then partitioned
three times with saturated NaCl aqueous solution.
The ethyl acetate layer was dried over anhydrous
Na2SO4 and evaporated to give the oxidation mix-
ture. The oxidation mixture was fractionated by
a silica gel chromatography, eluted with ethyl ac-
etate in hexane (20, 30, 40, 50, and 60%) to afford
10 fractions. Cytotoxic fraction was purified by a
high-performance liquid chromatography and 4 ma-
jor peaks (retention time, 22, 24, 30, and 35 min)
were collected. Two dimers were obtained from
fractions at retention times of 24 and 35 min, re-
spectively. Structures of isomeric dimers are shown
in Fig. 1.11)

Materials and Reagents —— Propidium iodide
and annexin V-fluorescein isothiocyanate (annexin
V-FITC) were purchased from Molecular Probes
Inc. (Eugene, OR, U.S.A.). RPMI-1640, fetal
bovine serum (FBS), dimethyl sulfoxide (DMSO),
Triton X-100, and ribonuclease (RNase) A were ob-
tained from Sigma Chemical Co. (St. Louis, MO,
U.S.A.). Ethylendiaminetetraacetic acid (EDTA)
was supplied from Dojin Chemical Laboratory
(Kumamoto, Japan). The solvent for sesamol and
isomeric dimers was combination of 30% DMSO
and 70% ethanol. The final concentration (0.03%
DMSO and 0.07% ethanol) of solvent did not exert
cytotoxic action on rat thymocytes under our in vitro
experimental condition.
Animals, Cell Preparation, and Experimental
Protocol —— This study was approved by the
Committee for Animal Experiments of the Univer-
sity of Tokushima (No. 05279 for Oyama). The
procedure to prepare cell suspension was simi-
lar to that reported previously.13, 14) In brief, thy-
mus glands were dissected from anesthetized Wis-

tar rats. The glands were sliced at a thickness of
0.4–0.5 mm. The slices were gently triturated in
RPMI-1640 medium with glutamine (300 mg/l) and
10% FBS to enable the dissociation of lympho-
cytes. The RPMI-1640 medium containing the cells
was passed through a mesh to remove the unwanted
residue. The cell suspension was diluted to achieve
approximately 5× 105 cell/ml. The cells in 24-well
Falcon tissue culture plates (2 ml in each well) were
cultured at 37◦C in a CO2 incubator (Sanyo, Tokyo,
Japan).

Test compounds were respectively added to cell
suspensions in each well at 1 hr after a commence-
ment of incubation, and the incubation continued
for next 24 hr. The solutions containing test com-
pounds at various millimolar concentrations were
diluted to 103 times to achieve final micromolar
concentrations.
Cytometric Analysis —— Membrane and cellular
parameters were measured by the use of a flow
cytometer (CytoACE-150; JASCO, Tokyo, Japan)
with fluorescent probes. The parameters were simi-
lar to those described previously.13) Cytogram (side
scatter versus forward scatter) was routinely con-
structed from 2000 cells. Forward scatter intensity
reflects size of each cell whereas it is cellular den-
sity of each cell in the case of side scatter intensity.

To assess cell lethality, propidium iodide was
added to the cell suspension at a final concentra-
tion of 5 µM. Propidium fluorescence was mea-
sured at 2–3 min after the application of propid-
ium iodide. The excitation wavelength for propid-
ium was 488 nm, and the emission was detected at
600± 20 nm. Since propidium stains dead cells and
the cells with compromised membranes, the mea-
surement of propidium fluorescence from the cells
enables an assessment of cell lethality.

To reveal the distribution of cellular DNA con-
tent, DNA was stained with the phosphate buffer so-
lution containing 0.1% Triton X-100, 3 mM EDTA,
0.05 mg/ml RNase A, and 100 µM propidium io-
dide.17) The cells were incubated with this solution
for 1 hr at room temperature. Thereafter, the pro-
pidium fluorescence was measured at 600± 20 nm
by using the flow cytometer.

The exposure of phosphatidylserine on outer
thymocyte membranes, one of the parameters for
early stage of apoptosis, was detected by using an-
nexin V-FITC.18, 19) The cells were incubated with
annexin V-FITC and propidium iodide for 15 min
before measurement.20, 21) The excitation wave-
length for the fluorescent dyes was 488 nm. The



No. 5 427

emissions were detected at 530± 20 nm for FITC
(annexin V binding to membranes) and 600± 20 nm
for propidium iodide.

The activity of caspase was examined by
carboxylfluorescein-carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]-fluoromethylketone (VAD-FMK) reagent
in FAM poly caspases assay kit (Molecular Probes).
This reagent enabled us to detect active caspases.
The excitation wavelength for the reagent was
488 nm. The emission was detected at 530± 20 nm.
Statistical Analysis —— Statistical analysis was
performed by Tukey’s multiple comparison test. A
p value of < 0.05 was considered significant. Val-
ues were expressed as mean ± standard deviation of
four experiments unless otherwise described.

RESULTS

Change in Cell Lethality
The population of cells exerting propidium flu-

orescence (dead cells) was increased by the 24 hr
incubation with 100 µM dimer A (Fig. 2A), in-
dicating an increase in the population of dead
cells. The lethality before the start of 24 hr in-
cubation was 4.1± 0.9% (n = 15). As shown in
Fig. 2B, the percentage population of dead cells in
the control groups (N and S in Fig. 2B, respec-
tively) without and with the solvent were 9.4± 2.3%
and 9.6± 2.2% whereas it was 35.0± 3.1% after
the 24 hr incubation with dimer A. The lethality
slightly increased during the process of 24 hr in-
cubation even under the control conditions. The
changes in cell lethality by test compounds (30–
100 µM sesamol, 10–100 µM dimer A, and 10–
100 µM dimer B) are summarized in Fig. 2B. Signif-
icant changes were observed in the cases of 100 µM
dimer A and 100 µM dimer B. The cytotoxic po-
tency of dimer A was more profound than that of
dimer B.

Change in Population of Shrunken Cells
Cell shrinkage is one of the parameters for early

stage of apoptosis.22, 23) We examined the effects of
isometric dimers and sesamol on forward and side
scatters of rat thymocytes. As shown in Fig. 3A,
the cells were mainly divided into two groups (ar-
eas NC and SC) in the cytogram. Area SC con-
sisted of the cells with decreased intensity of for-
ward scatter and increased intensity of side scat-
ter, presumably shrunken cells. The 24 hr incuba-
tion of the cells with 100 µM dimer A increased

Fig. 2. Change in Cell Lethality
(A) Change in propidium fluorescence histogram by dimer A.

Each histogram was constructed with 2000 cells. The line under his-
togram indicates the population of the cells exerting propidium fluores-
cence, presumably dead cells and/or the cells with compromised mem-
branes. (B) Changes in cell lethality by sesamol, dimer A, and dimer B.
Column and bar respectively show mean and standard deviation of four
experiments. Symbols (# and ##) indicate significant difference (p <
0.05 and p < 0.01, respectively) between the control groups without
and with 0.1% DMSO (N and S) and the test groups.

the population of shrunken cells from 34.7± 2.4
to 81.4± 2.7%. The population of the shrunken
cells before the start of incubation was 10.8± 2.0%
(n = 13). Although the population spontaneously
increased during the incubation without test com-
pounds,22, 23) further increases were observed after
the 24 hr incubation with 30–100 µM dimer A and
100 µM dimer B (Fig. 3B). It was not the case for
sesamol.

Change in Population of Cells Containing Hy-
podiploid DNA

Hypodiploid DNA is observed during late stage
of apoptosis.24–26) The incubation with dimer A in-
creased cell lethality in association with increased
population of shrunken cells (Figs. 2B and 3B). To
examine the change in population of cells contain-
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Fig. 3. Change in Population of Shrunken Cells
(A) Change in cytogram by dimer A. Each cytogram (side scat-

ter versus forward scatter) was constructed with 2000 cells. Area NC
consisted of normal size cells whereas shrunken cells belonged to area
SC. The line between the groups was drawn by the eye measurement.
(B) Changes in population of shrunken cells by sesamol and isomeric
dimers. Column and bar respectively show mean and standard devia-
tion of four experiments. Symbols (# and ##) indicate significant differ-
ence (p < 0.05 and p < 0.01, respectively) between the control groups
without and with 0.1% DMSO (N and S) and the test groups.

ing hypodiploid DNA (hypodiploid DNA cells), the
distribution of cellular DNA content was examined
after the 24 hr incubation with respective test com-
pounds. As shown in Fig. 4A, the population of
hypodiploid DNA cells after the incubation with
100 µM dimer A (9.1± 2.7%) was lower than that
of control (26.9± 3.1%). The population of hy-
podiploid DNA cells before the start of incubation
was 5.4± 1.3% (n = 13). Therefore, the incubation
with dimer A suppressed the spontaneous increase
in the population of hypodiploid DNA cells. It was
not the case for dimer B.

One may argue the possibility that dimer A in-
hibits the activity of caspase during spontaneous
apoptosis. The caspase activities of cells incubated
without and with 100 µM dimer A for 6 hr were
compared. The incubation for 6 hr was enough to
start spontaneous apoptosis. Mean intensity of car-

Fig. 4. Change in Population of Hypodiploid DNA Cells
(A) Change in distribution of cellular DNA content (propidium

fluorescence histogram) by dimer A. Each panel was constructed with
2000 cells. The line under the histogram indicates the population of hy-
podiploid DNA cells. (B) Changes in population of hypodiploid DNA
cells by sesamol and isomeric dimers. Column and bar respectively
show mean and standard deviation of four experiments. Symbol (##)
indicates significant difference (p < 0.01) between the control groups
without and with 0.1% DMSO (N and S) and the test groups.

boxyfluorescein fluorescence monitored from cells
incubated with dimer A was 16.8± 3.2 (arbitrary
unit, mean± S.D. of three experiments) white it was
20.1± 2.0 in the case of cells without dimer A. The
decrease in fluorescence intensity by dimer A was
not significant.

Change in Population of Cells with Exposed
Phosphatidylserine

The cytotoxic action of dimer A was more po-
tent than that of dimer B (Figs. 2B–4B). Therefore,
the action of dimer A was further studied. To see if
dimer A increases the population of cells with phos-
phatidylserine exposed on outer surface of mem-
branes, the assay using FITC-conjugated annexin V
was performed.18, 19) In the fluorescence cytogram
(propidium versus FITC), area NF of Fig. 5A con-
sisted of intact living cells. The 24 hr incubation
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Fig. 5. Change in Groups Classified with Annexin V-FITC and
Propidium Iodide

(A) Change in fluorescence cytogram (propidium fluorescence
versus FITC fluorescence) by dimer A. The cells were classified by
FITC and propidium fluorescences into areas NF, A, AP, and P as ex-
plained in the text. The lines between the groups were drawn by the
eye measurement. (B) Changes in percentage population of areas NF,
A, AP, and P by sesamol and dimer A. Column and bar respectively
show mean and standard deviation of four experiments. Symbols (#
and ##) indicate significant difference (p < 0.05 and p < 0.01, respec-
tively) between control groups without and with 0.1% DMSO (N and
S) and the test groups.

with 30 μM dimer A significantly decreased the
population of area NF and increased both popula-
tions of cells with FITC fluorescence (apoptotic liv-
ing cells, area A) and cells exerting both propid-
ium and FITC fluorescence (apoptotic dead cells,
area AP). Area P consisted of dead cells without ex-
posed phosphatidylserine (necrotic dead cells). The
population of area P was less than 5% although the
incubation with dimer A increased the population
(Fig. 5B). The incubation of 10 µM dimer A also
decreased the population of area NF and increased
that of area A without changing the population of
area AP (Fig. 5B). Furthermore, significant changes
in populations of areas NF and A were observed in
the case of 100 µM dimer A. Results are summa-
rized in Fig. 5B.

DISCUSSION

Actions on Apoptosis Process
The incubation with 100 µM dimer A increased

the populations of shrunken cells (Fig. 3B) and
the cells with phosphatidylserine exposed on the
outer surface of membranes (Fig. 5B). Both phe-
nomena are the parameters for early stage of apop-
tosis.18, 19, 22, 23) However, dimer A strongly sup-
pressed the increase in population of hypodiploid
DNA cells (Fig. 4B), one of parameters for late
stage of apoptosis.24–26) Thus, the results suggest
that dimer A may exert both proapoptotic action
and inhibitory action on late stage of apoptosis in
rat thymocytes. Although dimers A and B are iso-
mers (Fig. 1), the cytotoxicity of dimer A was more
potent than that of dimer B (Fig. 2B). The differ-
ence between the action of isomers has been gen-
erally explained by the difference in their affin-
ity to specific molecules such as receptor and en-
zyme.27) Dimer A inhibited the spontaneous in-
crease in the population of hypodiploid DNA cells
because the population increased from 5.4± 1.3 to
26.9± 3.1% during the control incubation whereas
it was to 9.1± 2.7% in the presence of 100 µM
dimer A (Fig. 4B). Thymocytes spontaneously un-
dergo apoptosis during incubation, resulting in
the increase in the population of hypodiploid
DNA cells.28) Such spontaneous increase is com-
pletely attenuated by benzyloxycarbonyl-valyl-
alanyl-aspartyl-luoromethylketone (Z-VAD-FMK),
a pan-inhibitor for caspases.14, 29–31) However,
dimer A did not significantly attenuate the activity
of caspase. Therefore, it may be hypothesized that
the process of spontaneous apoptosis is promoted by
dimer A and dimer A inhibits the activity of endonu-
clease activated by caspases. Similar phenomenon
has been reported in the case of curcumin and Jurkat
cells.32)

Implications
From many basic studies,5–10) the antioxidant

effect of sesamol, a constituent of sesame oil, is
beneficial for human health. Furthermore, the an-
tioxidant property of sesamol seems to be utilized
in the treatments of hepatic and renal injuries that
are induced by oxidative stress.10, 33–36) The high
resistance of sesame oil against oxidative deterio-
ration is due to the presence of sesamol.37, 38) How-
ever, dimer A possesses the cytotoxic action with
unique characteristics on rat thymocytes (Figs. 2–5).
The compounds possessing several types of cyto-
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toxic actions, produced by oxidation of antioxi-
dants, may be present in oxidized foods that contain
antioxidant ingredients.
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