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The effects and mechanism of sesamol on the methylene blue- or chlorophyll-sensitized photo-
oxidations of soybean oil have been studied. Sesamol showed strong antiphoto-oxidative activity in
both methylene blue-and chlorophyll-sensitized photo-oxidations of soybean oil in a dose-dependent
manner. The 1.0 x 103 M sesamol treatments showed 84.7 and 43.4% inhibitions of methylene
blue- and chlorophyll-sensitized photo-oxidations of soybean oil in methylene chloride. The antiphoto-
oxidative activity of sesamol was comparable to that of d-tocopherol in both methylene blue- and
chlorophyll-sensitized photo-oxidations, at the same molar basis. Sesamol effectively inhibited rubrene
oxidation with a chemical source of singlet oxygen in microemulsion, showing its strong singlet oxygen
guenching ability. The results suggested that the antiphoto-oxidative activity of sesamol in the photo-
oxidation of oil was, at least in part, due to its singlet oxygen scavenging activity. The singlet oxygen
quenching rate constant (kox—q + k) of sesamol was determined to be 1.9 + 0.3 x 10? M=t s™1. This
represents the first report on the antiphoto-oxidative activity of sesamol in the sensitized photo-oxidation
of oil, and its bimolecular singlet oxygen quenching ability.
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INTRODUCTION not possess effective antioxidative properties in the photosen-
sitized oxidation of oils due to their lack of ability in scavenging
singlet oxygen (15—17). There are only a few antioxidants that
‘could be used for the protection of foods from singlet oxygen
oxidation. These are ascorbic acid, ascorbyl palmitate, caro-
tenoids, and tocopherols (1B3—24). Thus, the need for novel
antioxidants for the effective reduction of photosensitized
oxidation of food components is obvious, and academia and
industry continue to look for natural antiphoto-oxidants. Through
continuous monitoring with various natural components for the
antiphoto-oxidants, it was found in our laboratory that sesamol
effectively reduced the methylene blue- or chlorophyll-sensitized
photo-oxidation of oils.

Oils, amino acids, proteins, vitamins (ascorbic acid, retinyl
palmitate, ergosterol, carotenoids, and tocopherols), cholesterol
limonene, and conjugated terpenes in various types of foods
are very susceptible to photo-oxidation, especially when photo-
sensitizers such as chlorophylls and riboflavin are present in
the systems (1—8). Photo-oxidation occurs through a type | or
Il reaction pathway. Type | photosensitized reaction involves
the formation of superoxide anion and other radicals due to the
transfer of hydrogen atoms or electrons by interaction of triplet
sensitizer with molecular oxygen or other components. The type
Il process involves the generation of singlet oxygen by the
energy transfer from an excited triplet sensitizer to a triplet . .
oxygge’);l. The photochemical procesges in the food systenF: are Thus, the objectives of this research were (1) to study the

dependent on the types and concentration of sensitizers anoqu_z"‘“ta_t've ar_1d_ quantitative |n_format|on on the antiphoto-
substances in the system. oxidative activity of sesamol in the methylene blue- and

Chiorophylls, myoglobin derivatives, riboflavin, a synthetic chlorophyll-sensitized photo-oxidation of oil and (2) to deter-

food colorant (FD&C red no. 3), and methylene blue are mine its anuphqto-omdaﬂon mechanism and singlet oxygen
N e . . guenching activity.

reportedly efficient sensitizers for the conversion of triplet

oxygen to singlet oxygen in the presence of lighf —13).

Singlet oxygen reportedly induces lipid oxidatier1 450 times MATERIALS AND METHODS

:Egrsegiﬁ):gglr;h(?gtet?iglrztt; )r(;/gizsi)r.l(;ll;ehrul%hfﬁi(ﬁﬂfnicnozggnéggdi- Materials. Chlorophyll b, linoleic acid, methylene blue, 1,4-

. . . diazabicylro[2.2.2]octane (DABCO), sesamol, sodium molybdate di-
tions. Effective radical scavengers such as BHA and BHT do hydrate, anda- and o-tocopherols were purchased from Sigma
Chemical Co. (St. Louis, MO). The chemical structure of sesamol is

* Author to whom correspondence should be addressed (telephone 82-shown inFigure 1. Sodium dodecy! sulfate (SDS) was purchased from
63-290-1438; fax 82-63-291-9312; e-mail munjung@woosuk.ac.kr). Fluka Chemie AG (Buchs, Switzerland). Rubrene (5,6,11,12-tetra-
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Figure 1. Chemical structure of sesamol.
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phenylnaphthacene) was purchased from Aldrich Chemical Co. (Mil-
waukee, WI). Soybean oil without any additive was obtained from
Heinz Korea (Inchon, Korea).

Determination of Antiphoto-oxidative Activity. For the study of
the photo-oxidation of oil, sample solutions containing soybean oil
(0.042 g/mL) and methylene blue or chlorophyll #4/mL), with or
without quenchers (sesamal; andd-tocopherols, and DABCO), in a
solvent (2-propanol, methylene chloride, or chloroform) were prepared. 0
The reason for using the solvent model system in this study was to Control  0.5x10°M  1.0x10°M  1.5x10°M  2,0x10°M  4.0x10°M
selectively obtain singlet oxygen lipid oxidation in the reaction media Sesamol Concentration
induced by sensitized photochemical reaction. Five milliliters of the
prepared sample solutions were, in triplicate, transferred into 30 mL
capacity serum bottles. The sample bottles were hermetically sealed sol °
with Teflon-coated rubber septa and aluminum caps. The prepared
sample bottles were stored in a light storage bax3ftn asdescribed
previously (19). The light intensity of the sample level was 5500 Ix.
The temperature within the light box was 201 °C during light storage.

Oil oxidation was determined by measuring peroxides or conjugated
dienes according to AOCS Official Methods Cd 8-53 and T1 1a-64,
respectively (25).

Rubrene Oxidation in Microemulsion with a Chemical Source
of Singlet Oxygen. Rubrene oxidation in microemulsion with a
chemical source of singlet oxygen was performed to check whether
sesamol possessed singlet oxygen quenching act®@)y The micro- 100 - d
emulsion is prepared at room temperature by adding an aqueous solutior . | =
of 0.2 M NaMoO,-2H,0 (290.4 mg in 6 mL of water) dropwise to a
magnetically stirred slurry of SDS (4.7 g), 1-butanol (9.4 g), and
methylene chloride (60 mL). After a few minutes, the turbid suspension
is converted into a mobile and transparent liquid. Then, 0.1 g (0.2 mmol) 800
of rubrene is introduced into a small Erlenmyer flask followed by 15 P
mL of the above microemulsion. The medium is magnetically stirred | i
for 10 min in dimmed light to prevent the autosensitized photo-oxidation ot
of rubrene. Then, 100L of 30% H,O, (1 mmol) is added to the red
solution, and the reaction medium is stirred at room temperature. The
reaction is completed after5 min, as indicated by the fading of the
solution to colorless. The oxidation of rubrene is monitored by visible
spectroscopy at 522 nm by diluting 3@Q of the reaction medium
into 5 mL of methylene chloride.

Determination of Singlet Oxygen Quenching RateThe singlet
oxygen quenching rate constant of sesamol was determined with slight c
modification according to the previously reported meth@d £8). Rate 100 - ' ed 5
determinations were carried out in chloroform because the relatively e
long lifetime ofO in this solvent allows measurements to be made at | ==
low sesamol concentrations, thus minimizing potential complications
that might arise from the quenching of the rubrene-excited state by the
added quenchers. The 0:310 2 M rubrene solutions in chloroform
with and without 0.5x 10-3 M sesamol (as a quencher) were prepared. Figure 2. Antiphoto-oxidative activities of different concentrations of
Four milliliter rubrene samples with and without quenchers were sesamol on methylene blue-sensitized photo-oxidation of soybean oil in
transferred into 15 mL capacity serum bottles and hermetically sealed 2-propanol (A), methylene chloride (B), and chloroform (C) during 3 h of
with Teflon-coated rubber septa and aluminum caps. Then the solution fiyorescent light illumination (5500 Ix) at 20 + 1 °C. The methylene blue

\_/I\I/as_sto_red 'Ifr?r I? min in the ”?gt box withd_fluorgzscence light  concentration in this experimental system was 4 xg/mL. The antioxidative
tllumination. The illumination time of 2 min was adjusted so thal0 activities with the same italicized letter at the top of the bar were not

50% of the rubrene was oxidized in the sample. Three different . .. . o
determinations of the singlet oxygen quenching rate of sesamol were significantly different at o = 0.05.
made. In each determination, a set of triplicate samples was analyzed.of sesamol at different concentrations on the methylene blue-
Statistical Analysis. Statistical analysis was accomplished using an - sensitized photo-oxidation of soybean oil in 2-propanol, meth-
SAS method. Duncan’s multiple-range test was used to g_scertain theylene chloride, and chloroform are shown in panels A, B, and
se_samol effec_ts on the methlene blue- or chlorophyll-sensitized photo-C, respectively, ofFigure 2. Fluorescence light illumination
oxidation of oil. greatly induced peroxide formation in the sample. The initial
peroxide value of soybean oil before light illumination was 0.1
mequiv/kg of oil. The mean peroxide values of soybean oil
Antiphoto-oxidative Activity of Sesamol in Methylene containing no sesamol in 2-propanol, methylene chloride, and
Blue-Sensitized Photo-oxidation of Soybean Oillhe effects chloroform afte 3 h offluorescence illumination were 190, 785,
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Figure 3. Comparison of antiphoto-oxidative activity of sesamol with those
of a-tocopherol, d-tocopherol, and DABCO on methylene blue-sensitized 28
photo-oxidation of soybean oil in methylene chloride during 3 h of B)
fluorescent light illumination (5500 Ix) at 20 + 1 °C. The methylene blue 24 ®— Control
concentration in this experimental system was 4 ug/mL. The antioxidative 5 —O— 1.5 x 10 M Sesamol
activities with the same italicized letter at the top of the bar were not % 20
significantly different at oo = 0.05. S
O 16

and 527 mequiv/kg of oil, respectively, indicating greatly %
different oxidation rates with different solvents. The samples & 1.2
protected from light with aluminum foil did not develop any &
peroxide during the 3 h storage under the same conditions (data© o.8
not shown). Sesamol greatly reduced the methylene blue-
sensitized photo-oxidation of soybean oil in all of the tested 0.4
solvent systems (2-propanol, methylene chloride, and chloro-

form) during 3 h offluorescence light illumination, and its 0 30 60 90 120 150 180
effectiveness was dose-dependent. It is interesting to note that lllumiation Time (minute)

the antiphoto-oxidative activities of sesamol were greatly
different with different solvent systems. The 0:5 103 M
sesamol treatment showed 2.5, 69.4, and 73.0% inhibitions of
methylene blue-sensitized photo-oxidation of soybean oil in
2-propanol, methylene chloride, and chloroform, respectively.
The reason for this is not clear at this point. With increase in
treated sesamol concentration, significantly higher antiphoto-
oxidative activity was obtained in all of the solvent systems. peroxides but also conjugated dienes as measured at several
The inhibitions of methylene blue-sensitized photo-oxidation different sampling points. The 1.5 102 M sesamol concen-

of soybean oil in methylene chloride by 0:51073, 1.0 x 1073, tration showed inhibitions of 90.2% peroxide formation and
1.5x 1073, 2.0 x 1073, and 4.0x 103 M sesamol were 69.4,  91.1% conjugated diene formation in soybean oil in methylene
84.7, 90.1, 92.0, and 96.2%, respectiveliglre 2B). The choride during 3 h ofight illumination.

antiphoto-oxidative activity of sesamol on methlene blue-  Antiphoto-oxidative Activity of Sesamol in Chlorophyll-
sensitized photo-oxidation of soybean oil in methylene chloride Sensitized Photo-oxidation of Soybean OilWe also chose
was compared with those of other well-known singlet oxygen another important sensitizer, chlorophyl] to be used as a
quenchersd- andd-tocopherols and DABCO)gure 3). The photosensitizer in our experiment to determine whether sesamol
addition of DABCO at 1.5< 1073 M showed 96.1% inhibition also reduces chlorophyitsensitized photo-oxidation of soybean

of the methylene blue-sensitized photo-oxidation of soybean oil. oil (Figure 5). Sesamol also reduced the chlorophyll-sensitized
It is well-known that DABCO, an effective singlet oxygen photo-oxidation of soybean oil in methylene chloride with a
guencher, does not possess other radical scavenging propertieslose-dependent manner. The &51073, 1.0 x 1073, 1.5 x

This result indicated that singlet oxygen oxidation was the main 1073, 2.0 x 1073, and 4.0x 10~2 M sesamol treatments showed
oxidation process involved in the reaction system used in this 33.9, 43.4, 52.4, 55.4, and 64.9% inhibitions of chlorophyll-
study. The results ifFigure 3 also show that the antiphoto-  sensitized photo-oxidation of soybean oil, respectivElgire
oxidative activity of sesamol in methylene blue-sensitized photo- 5A). Sesamol was much less effective in the chlorophyll-
oxidation of soybean oil was comparable to thaddbcopherol sensitized photo-oxidation of soybean oil than in methylene
(p > 0.05) but lower than those ef-tocopherol and DABCO blue-sensitized photo-oxidation of soybean oil. The effectiveness
(p < 0.05). We also carried out an experiment to confirm the of sesamol on chlorophyll-sensitized photo-oxidation of soybean
antiphoto-oxidative activity of sesamol during the methylene oil was lower than that ofa-tocopherol (p < 0.05) but
blue-sensitized photo-oxidation of soybean oil in methylene comparable to that af-tocopherol at the same molar concentra-
chloride by measuring the peroxides and conjugated dienes attiion (p > 0.05) igure 5B). In the chlorophyll-sensitized photo-
several sampling point$-igure 4). The results clearly showed oxidation, DABCO was significantly less effective than sesamol
that sesamol effectively prevents the formation of not only atthe same molar concentration<€p0.05). Note that DABCO

Figure 4. Effects of sesamol (1.5 x 102 M) on the formation of peroxides
(A) and conjugated dienes (B) at different sampling points during the
methylene blue-sensitized photo-oxidation of soybean oil in methylene
chloride under the fluorescent light illumination (5500 Ix) at 20 + 1 °C.
The methylene blue concentration in this experimental system was 4 ug/
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Figure 6. Visible spectra for rubrene oxidation in microemulsion containing

S Ic trati L
el 0, 0.5 x 1072, or 1.5 x 1072 M sesamol with singlet oxygen generated

from the system H,0,/M0O,2~.
A f (B) less).Figure 6 shows the effects of sesamol on the red color
-‘3‘ fading of rubrene with chemically induced singlet oxygen in
o the microemulsion. The red color of rubrene was almost gone
g b after 5 min, indicating the complete oxidation of rubrene.
E However, 0.5x 1072 and 1.5x 1072 M sesamol treatments
% il c ¢ inhibited the singlet oxygen-induced color fading of rubrene in
= o the microemulsion. Treatments with 35102 and 1.5x 1072
= SE— M sesamol showed 18.7 and 47.6% inhibitions of rubrene
< - oxidation after 5 min of reaction as determined by spectropho-
o tometry at 522 nmKigure 6). This result clearly indicated that
sesamol possessed singlet oxygen quenching activity. This result
& also suggested that the inhibition of oil photo-oxidation by
Control  Sesamol  a-Toce  5-Toco  DABCO sesamol was, at least in part, due to its singlet oxygen quenching
1.5x10°M  1.5x10°M  1.5x10°M  1.5x10°M ability.
Figure 5. Antiphoto-oxidative activity of different concentrations of sesamol Determination of Singlet Oxygen Quenching Rate Con-
(A) and comparison of its activity with those of a.-tocopherol, d-tocopherol, stant (kox—o 1 Kg). The singlet oxygen quenching rate constant
and DABCO (B) on chlorophyll-sensitized photo-oxidation of soybean oil of sesamol was determined according to a previously reported
in methylene chloride during 3 h of fluorescent light illumination (5500 Ix) technique that was based on inhibition of the self-sensitized
at 20 £ 1 °C. The chlorophyll concentration in this experimental system photo-oxidation of rubrene. In this reaction system, when a
was 4 ug/mL. The antioxidative activities with the same italicized letter at solution of rubrene is illuminated in the presence of oxygen
the top of the bar were not significantly different at oc = 0.05. and singlet oxygen quencher, the following reactions take place:
1
was significantly more effective than sesamol, at the same molar R+hs—R @
concentration, in methylene blue-sensitized photo-oxidation of N k5 g
oil (Figure 3). Even though sesamol has been known to have R"+0,—~R +7°0, (2)
a strong antioxidative activity in the autoxidation of oils (29),
this is the first report on the antioxidative activity of sesamol RS + 102_“; R+ 102 3)

in the sensitized photo-oxidation of oil.

Proposed Mechanism for Antiphoto-oxidative Activity of K,
Sesamol. Methylene blue and chlorophylb are efficient 102—> 3O2 (4)
photosensitizers for the generation of sinlget oxygen in the
presence of lightg, 11). To explore the preventive mechanism
of sesamol in the photo-oxidation of oil, we studied the
inhibitory activity of sesamol on rubrene oxidation induced by
chemical source of singlet molecular oxygen in a microemulsion '0,+Q + Q (and/or QQ) (6)
system 26, 30). The water/oil microemulsion used in the present
work was water microdroplets coated by an interfacial film of R is rubrene, Ris the rubrene singlet,Rs the rubrene triplet,
SDS and 1-butanol dispersed in a continuous phase of methylendRO; is the rubrene photoperoxide, Q is the quencher, and QO
chloride. Hydrogen peroxide and sodium molybdate were is the oxidation product of the quencher. Note that rubrene is
compartmentalized in an aqueous microreactor, where theyboth the sensitizer antD, acceptor.
generatedO,. Rubrene was localized in a continuous phase of  If a quencher is presentO, disappears by three routes:
methylene chloride. Becaus®, is a small and uncharged nonradiative decay (reaction 4), reaction with rubrene (reaction
molecule, it can diffuse freely through the charged (coming from 5), and singlet oxygen quenching (reaction 6). In the absence
the anionic surfactant SDS) interfacial regi@®). Rubrene (red  of a quenchertO, disappears by only two routes: nonradiative
color) is selectively oxidized with singlet oxygen but not with decay and reaction with rubrene. If two solutions of equal
other oxygen species to produce its cycloendoperoxide (color- volume, one containing quencher and one without quencher and

Kox
'0,+ R—RO, (5)

kox*tfL kq 30
2
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Table 1. Effects of 0.5 x 103 M Sesamol on the Self-Sensitized
Photo-oxidation of 0.3 x 10~° M Rubrene in Chloroform after 2 min of
lllumination

test 1 test 2 test 3
[R] (M) 0.3x1073 0.3x1073 0.3x1073
[Q] (M) 05x1073 0.5x1073 05x1073
[RIE° (M) 0.181x1073 0.178x107%  0.205x 1073
[RIEQ (M) 0.204x10=%  0.207x107%  0.182x 1073
kox—q * Kq 1.67 x 107 221 x 107 1.71 x 107
mean kox—q + kg (M~ s7%) 1.9+0.3 x 107

Table 2. Effects of 0.25 x 10~ M DABCO on the Self-Sensitized
Photo-oxidation of 0.3 x 102 M Rubrene in Chloroform after 2 min of
lllumination

test 1 test 2 test 3
[R] (M) 03x1072 0.3 %1073 0.3 %1073
[Q] (M) 0.25x 1073 0.25x 1073 0.25x 1073
[RIE® (M) 0.182x107%  0.184x107° 0.80x1073
[R]EQ (M) 0215x107%  0.214x107%  0.215x10°°
kox—q * Kq 5.50 x 107 4,93 x 107 5.58 x 107
mean kox—q + kg (M~ s7%) 5.4+0.5 x 107

each having the same initial concentration of rubrene, are each

exposed to the same amount &D,, the singlet oxygen
quenching rate constank.-q + k) can be calculated from
the following equation (2728):

_(RIe? =~ [RI¢) + ky In (RIVIRIE)
[QIn (RVIR] )

[R] is the initial concentration of rubrene, [F¥ the final
concentration of rubrene in the quenched solutionsJRie final
concentration of rubrene in the unquenched solution, and [Q]
the quencher concentration.

It is seen that the singlet oxygen rate const&nt- + Kq)
can be calculated from four experimentally determinable quanti-
ties and two rate constants. Both the lifetime!©f (1/ky) and
the rate of addition ofO, to rubrene (k) in a number of
solvents can be obtained from previous papers. We adégted
=5.3x 100 M 1slandky= 1.7 x 10* s~ from the literature
(27, 312). The initial rubrene content ([R]) used in this experiment
was 0.3x 1073 M. The sesamol concentration [Q] used in this
experiment was 0.5 1072 M. The rubrene concentrations with
sesamol ([RI?) and without sesamol ([R)) after 2 min of
illumination are shown iMmable 1. With the eq 7, the singlet
oxygen quenching rate constam{-q + k;) of sesamol was
calculated. The obtained meé&g—q + Ky of sesamol was 1.9
+ 0.3 x 10" M~ s7L. To check the accuracy of our kinetic
value, we also determindgy—q + kg of DABCO, a well-known
singlet oxygen quencher. The rubrene concentrations with
DABCO ([R]9) and without DABCO ([R}°) after 2 min of
illumination are shown ifrable 2. The calculatedtoy—q + Ky
of DABCO in chloroform was 5.4t 0.5 x 10’ M~1s™, The
kox—q 1 Kq value for DABCO is in good agreement with the
previously reported value of 5.2 0.4 x 10’ M1 s71in
chloroform (27). The result indicated that the technique used
in this research for the determination of the singlet oxygen

kofo + kox (7)

guenching rate constant of sesamol was acceptable. The singlet

oxygen rate constant (1.9 10" M~1 s1) of sesamol was
slightly lower than our previously reported value faftoco-
pherol (2.6x 10’ M~1s71) (18). The singlet oxygen quenching

abilities of the compounds seemed to be consistent with their

antiphoto-oxidative effects in the methylene blue-sensitized

Kim et al.

photo-oxidation of oil Figure 3). However, the singlet oxygen
quenching ability values were not well correlated with their
antiphoto-oxidative activities in the chlorophyll-sensitized photo-
oxidation of oil as shown ifrigure 5B. Note that the antiphoto-
oxidative activity of sesamol with a lower singlet oxygen
quenching ability was higher than that of DABCO with a higher
singlet oxygen quenching ability in the chlorophyll-sensitized
photo-oxidation of oil Figure 5B). The result indicated that
methylene blue and chlorophyll induced different routes of
photo-oxidation mechanism. Nevertheless, the present research
showed for the first time the antiphoto-oxidative activity and
singlet oxygen quenching ability of sesamol.

In brief summary, sesamol possesses a strong antiphoto-
oxidative activity in sensitized photo-oxidation of oil. The
antiphoto-oxidative property of sesamol was found to be due
to its singlet oxygen quenching ability. The singlet oxygen
guenching rate constant of sesamol was £.90" M~ s71,

The present research showed for the first time the antiphoto-
oxidative activity and singlet oxygen quenching rate constant
of sesamol in the photosensitized oxidation of oils. On the basis
of the present results, it is expected that sesamol could be applied
to oils and oil-containing foods to prevent the photo-oxidation
of various oils, oil-soluble vitamins, and other oil-soluble
components (cholesterol, limonene, conjugated terpenes, etc.).
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