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Many solvents were tested for extract ing the unsaponi-  
fiables after saponificat ion.  Cyclohexane  was selected be- 
cause it is not  toxic,  does no t  form peroxides as does die thyl  
ether,  and above all because it does no t  form stable emul- 
sions if  the procedure  is fo l lowed exactly.  

Vegetable Oil Analysis 

We analyzed 13 vegetable oils purchased in the Washington 
DC area for their  tocophero l  and sterol contents ,  to evalu- 
ate the applicabil i ty of  the m e t h o d  and possible separat ion 
problems. With a few except ions,  duplicate analyses agreed 
well (Table II1). The chromatograms of  9 of  these oils 
appear in Figure 2. Not  all peaks were comple te ly  separated 
but  the major  sterols and tocopherols  were ei ther com- 
pletely separated or separated well enough for  quant i ta t ive  
est imation.  A peak that  interfered with a - tocophero l  ap- 
peared in some of the chromatograms,  and was most  prom- 
lnent  in sesame oil. A comple te  separat ion of  the two  peaks 
could be obta ined  by using tempera ture  programming and 
lowering the cartier gas linear velocity.  

G LC Retention Data 

Kovats re ten t ion  indices and re tent ion  ratios relative to 5,7- 
d ime thyhoco l  were de termined  or  calculated for  tocopher-  
ots, toco t t i enols  and the major  sterols (Table IV). Separa- 
t ion would  be possible for  all compounds  listed, excep t  for  
a - toco t t i eno l  and campesterol .  
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TABLE IV 

Retention Indices and Relative Retention 
Times of Tocopherols and Sterols 

Retention itxdices Relative retention time 

Internal standard 
5,7-Dimethyltocol 3129.7 1.000 

Tocopherols 
a 3183.9 1.161 
/~ 3022.9 0.746 
7 3034.7 0.771 
/5 2935.6 0.587 

Toeotrienols 
a 3309.6 1.632 
/3 3147.4 a 
7 3160.2 1.082 
6 3058.2 0.822 

Sterols 
Cholesterol 3209.7 1.245 
Campcsterol 3310.2 1.634 
Stigmasterol 3333.0 1.738 
Sitosterol 3389.3 2.024 

aCalculated. 
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nouchi, Hachioji, Tokyo 192-03, Japan 

ABSTRACT 

Sesame oil is known to be the most resistant to oxidative rancidity. 
Constituents of sesame oil such as sesamolin, sesamol and sesamol 
dimer (a possible intermediate of oxidative degradation of sesamol) 
were determined by high performance liquid chromatography using 
a reverse-phase column. Sesamol was specifically determined in an 
alternative way by use of hydrogen peroxide/horseradish peroxidase. 
Sesamolin was relatively stable but sesamol and sesamol dimer were 
unstable when irradiated in benzene, and the final degradation prod- 
ucts were identical. Whereas sesamolin was inactive, sesamol and ses- 
amol dimer showed significant antioxidant activity in several kinds 
of fat and oils. Stability of Japan Pharmacopoeia sesame oil free 
from sesamol was relatively low; antioxidant activity of sesarnol in- 
corporated in the oil was unexpectedly low and was rapidly lost in 
the oil activated by oxygen. Edible sesame oil with intrinsic sesamol 
was highly stable. Activation of the edible oil gradually increased 
the sesamol content with concomitant decrease of sesamolin. High 
stability of edible sesame oil could not be ascribed to sesamol, but 
it could be explained by another powerful antioxidant(s) which 
might stabilize both the oil and unstable sesamol. 

INTRODUCTION 

Among  the several vegetable oils, sesame oil is known to be 
most  resistant to  oxidat ive rancidity (1,2). It was suggested 

that  sesamol, one of  the const i tuents  of  sesame oil, might  
be responsible for the stabil i ty of  sesame oil, and the  com- 
parative an t iox idant  activity o f  sesamol and o ther  antioxi- 
dants in certain fats and oils has been evaluated (3-7). It 
was found that  certain processing t rea tments  resulted in the  
fo rmat ion  of  free sesamol f rom its bound  fo rm (sesamolin) 
(8,9). We have demons t ra ted  that  sesamol was readily oxi- 
dized into sesamol d imer  and successively into its qu inone  
by mild t rea tment  with hydrogen  peroxide/horseradish 
peroxidase (10). It is readily conceivable that  sesamol is 
conver ted  into its dimer during the progress of  peroxida t ion  
of  sesame oil (see Scheme 1), since bu ty la ted  hydroxyani -  
sole was oxidized into  the dimers during the peroxida t ion  
o f  oils (11,12). 

Selective de te rmina t ion  of  the const i tuents  of  sesame oil 
h i ther to  repor ted  has been very t roub lesome (1,2,13-15). 
Due to the lack of  an excel lent  me thod  for  de te rmina t ion  
of the  const i tuents  of sesame oil, i t  is diff icul t  to mon i to r  
the changes of  these const i tuents  during the peroxida t ion  
of  sesame oil. We a t t empted  to separate sesamolin, sesamol 
and the possible ox ida t ion  product ,  sesamol dimer, in se- 
same oil by high per formance  liquid chromatography  
(HPLC), and to elucidate  the relevance of  these const i tuents  
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to stability of sesame oil. 
This paper demonstrates (a) determination of the con- 

stituents by high performance liquid chromatography and 
by specific colorimctric determination; (b) stability of sesa- 
molin, sesamol and sesamol dimer in benzene irradiated by 
ultraviolet light; (c) comparisons of antioxidant  activity of 
sesamolin, sesamol and sesamol dimer in several fats and 
oils; and (d) changes of sesamolin and sesamol in sesame oil, 
and their participation in stability of sesame oil. 

EXPERIMENTAL 

Materials 

Sesamol (Aldrich Chemical Company, L td . )was  recrystal- 
lized from chloroform/petroleum ether for use (16). Sesa- 
molin and sesamin were obtained from edible sesame oil 
according to the method of Ilaslam and l laworth (16). 
Sesamol dimer was prepared from sesamol according to the 
method described elsewhere (10). Itorseradish peroxidase 
was a product  of Toyobo Company, Ltd. (Grade Ill ,  100 
units/rag). Japan Pharmacopoeia sesame oil (JP sesame oil) 
and edible sesame oil (Takemoto Yushi Company, Ltd.), 
both exhibiting peroxide value (POV) of zero, were used. 
Methyl oleate with POV of 2.33 meq/kg was a product  of 
Tokyo Kasei Kogyo Company, Ltd. Edible soybean oil with 
POV of 1.22 meq/kg was a product  of Showa-Sangyo Com- 
pany, Ltd. Fresh lard was prepared by warming and squeez- 
ing for use and stored in a freezer. 

Determination of Sesamolin, 
Sesamol and Sesamol Dimer by HPLC 

Determination of sesamolin, sesamol and sesamol dimer by 
HPLC was carried out by use of a Shimadzu LC-2 liquid 
chromatograph equipped with a stainless steel column (4.6 
m m i d  • 25 cm) of ZORBAX ODS and a Shimadzu spectro- 
graphic detector  SPD-1.The chromatograph was operated 
with mobile phase (75% methanol) at a flow rate of 0.8 
mL/min. A sample solution (5 ~tL) in benzene or n-hexane 
was injected. The amount of each compound was deter- 
mined by the peak height observed at 300 nm. For deter- 
mination of each of the compounds in sesame oil, 1.0 g of 
the oil was dissolved in n-hexane and the solution was made 
up to 5.0 mL. 

Determination of Sesamol in Sesame Oil by 
Hydrogen Peroxide/Horseradish Peroxidase 

Sesamol in sesame oil was determined by the colorimetric 
method previously described (10), which is selective for 
free sesamol. Thus, 1.0 g of sesame oil was mixed with 3.5 
mL ofO.1 M phosphate buffer (pl l  7.0), 0.5 mL of 100 mM 

hydrogen peroxide and 0.5 mL of 10/aM horseradish per- 
oxidase, and the mixture was vigorously shaken to stand for 
10 min in the dark and it was then extracted with 5.0 mL 
of  chloroform. The absorbance at 530 nm of the extract  
(A) was determined by a Shimadzu double-beam spectro- 
photometer ,  UV-200S. The same sesame oil was mixed with 
0.3 mg/g of sesamol and similarly treated and extracted to 
measure absorbance (B). The absorbance of the extract  of 
the mixture of 1 g of sesame oil, 3.5 mL of phosphate buf- 
fer, 0.5 m] of 100 mM hydrogen peroxide and 0.5 mL of 
water was also determined (C). The amount  of sesamol in 
the sesame oil was calculated according to the equation: 
sesamol (%) = A-C/B-A x 0.3 x 1/10. 

Ultraviolet Irradiation of Sesamolin, 
Sesamol and Sesamol Dimer 

A 25 mL solution of 1.0 mM sesamolin, sesamol or sesamol 
dimer in benzene was irradiated at room temperature and 
at a distance of 40 cm from two ultraviolet lamps (325 nm) 
(Toshiba Company, Ltd.). Decreased amount of the solvent 
was frequently supplied and the content  of each compound 
in the solution was estimated by HPLC at 300 nm. After 
irradiation for 2 days, the mixtures revealed no peaks when 
detected at 300 nm, but  they revealed many peaks at 230 
nm. The mixtures were applied to thin layer chromatography 
by use of Wakogel B-5F (Wako Pure Chemical Industries, 
Ltd.) and a developing solvent system: n-hexane/ethyl ace- 
tate (2 : 1). Spots were detected by irradiation of ultraviolet 
lamps (254 and 365 nm) and by spraying BQC reagent, 
which was specific to phenolic compounds and prepared by 
dissolving 1% 2,6-dibromoquinone monochlorimide in 
ethanol. 

Stability of Fat and Oil 

Each consti tuent of sesame oil was incorporated in lard, 
methyl oleate, soybean oil and JP sesame oil at a concentra- 
tion of  0.01% with the aid of  a small amount  of  ethanol. 
An equivalent amount  of ethanol was added to the control 
sample. Portions were placed in tubes designed as described 
(11) and aerated with purified air at the rate of 2.3 mL/sec 
and at 98 C (active oxygen method) (11,17). At regular 
intervals, a 0.5-1.0 g sample was removed and POV was 
determined according to the method of Wheeler (18). 

R ESU LTS 

Determination of Sesamolin, 
Sesamol and Sesamol Dimer 

Sesamolin, sesamol, sesamin and sesamol dimer were clearly 
separated by HPLC using a reverse-phase column. A repre- 
sentative profile of the mixture containing pure compounds 
is illustrated in Figure 1. When the concentrations of each 
compound in benzene were varied, the peak heights showed 
straight lines against the concentrations up to 1 raM. 

Both JP sesame oil and edible sesame oil revealed many 
peaks in the chromatography (Fig. 2). JP sesame oil did n o t  

reveal sharp peaks corresponding t o  sesamol and sesamol 
dimer. The absence of sesamol dimer was confirmed by 
detection at the wavelength of 314 nm, the absorption 
maximum of the dimer (10). Edible sesame oil revealed the 
peaks corresponding to sesamolin, sesamin and sesamol, but  
no peak corresponding to sesamol dimer. Contents of sesa- 
molin and sesamol in JP sesame oil and edible sesame oil 
were calculated by the standard calibration curves (Table I). 
Edible sesame oil revealed many small peaks around that  of 
sesamol, which interferred with accurate determination of  
the content  of sesamol. Thus, the content of  sesamol was 
determined in an alternative way; specific colorimetric 
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FIG. 1. Separation of sesamolin, sesamol, sesamin and semmoi 
d i m ~  by HPLC. 
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FIG. 2. HPLC of JP sesame oll (A) and edible sesame oil (B). 
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determination by use of hydrogen peroxide/horseradish 
peroxidase (Table I). JP sesame oil contained 0.21% sesa- 
molin and 0% sesamol, and edible sesame oil contained 0.29% 
sesamolin and ca. 0.01% sesamol. The contents of sesamolin 
in both oils were near to those reported by other researchers 
(13-15, 19). The possible oxidation product,  sesamol dimer, 
could not  be detected in either JP or edible sesame oils. 

Stability of Sesamolin, Sesamol and 
Sesamol Dimer in Ultraviolet Irradiation 

A solution of 1.0 mM sesamolin, sesamol or sesamol dimer 
in benzene was irradiated by ultraviolet light, and the resid- 
ual amount  of  each compound in the solution was et imated 
by HPLC. Time courses of the decrease of each compound 
are shown in Figure 3. All the compounds decreased by  
irradiation and the decrease was faster in the order of sesa- 
mol dimer > sesamol > sesamolin. After  24-hr irradiation, 
sesamol and sesamol dimer were completely lost, but  30% 
of  sesamolin still remained in the solution. When detected 
at 300 nm, each solution revealed no peaks other than 
those corresponding to the initial compounds during the 
irradiation for up to 24 hr. 

The solution of  sesamol dimer turned violet after 2-3 hr 
irradiation, showing absorption maximum at 530 nm, and 
then gradually turned brown, which indicated that  sesamol 
dimer turned into unstable sesamol dimer quinone (10). 
The solutions ofsesamolin and sesamol were not  significant- 
ly colored violet throughout  the irradiation but  they grad- 
ually turned brown. After  irradiation for 2 days, each solu- 
tion was applied to HPLC and the peaks were detected at 
230 nm (Fig. 4). Every irradiated solution revealed many 

t.0 

0.5 

u 

FIG. 3. Decreases of  sesamolin (o) ,  sesamol (s)  and sesamol dimer 
(o) by ultraviolet irradiation. The content  of  each compound was 
determined by HPLC. 

TABLE I 

Content  of  SesamoUn and Sesamoi in Sesame Oil 

Content (%) 
Method Sesamolin Sesamol 

JP sesame oil HPLCa 
Ha O a/HRPO b 

Edible sesame oil HPLCa 
Ha 02/HRPO b 

0.21 0 
-- 0 

0.29 0.01 
-- 0,0064 

aHigh performance liquid chromatography. 
bHorseradish peroxidase. 

peaks and the chromatograms resembled each other. Each 
solution was applied to thin layer chromatography and the 
spots were detected by ultraviolet light (254 and 365 nm) 
and BQC reagent (Fig. 5). 

Each solution revealed many unidentified spots, and the 
chromatograms of  the solutions resembled each other. These 
results indicated that  the final products of sesamolin, sesa- 
tool and sesamol dimer were identical, suggesting that thesg 
three compounds were degraded through the sequence illus- 
trated in Scheme 1. Although the intermediate compounds 
in degradation could not  be detected in HPLC, they might 
be degraded much faster than the parent compounds.  
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FIG. 5. Thin layer chromatography of sesamolin, sesamol and sesa- 
mol dimer kradiated for 2 days. Solvent, n-hexane/ethyl acetate 
(2:1). Spots were detected by BQC reagent. 

Comparison of Antioxidant Activity of 
Sesamolin, Sesamol and Sesamol Dimer 
in Lard, Methyl Oleate and Soybean Oil 

Sesamolin, sesamol and sesamol dimer were incorporated in 
lard, methyl  oleate and soybean oil at a concentration of 
0.01%, and stability of the fat and oils was evaluated by 
active oxygen method. POV of these fat and oils was mea- 
sured at the regular intervals, and the results are shown in 
Figure 6. 

Sesamolin showed no significant antioxidant  activity in 
any of the fats or oils. On the other hand, sesamol and sesa- 
tool dimer exhibited extensive ant ioxidant  activity with 
clear demonstrat ion of prolonged induction periods, espe- 
cially in lard and methyl oleate. While the activity of sesa- 
mol dimer was higher than that of sesamol in lard, it was 
lower in methyl oleate. In soybean oil, sesamol exhibited 
low but  significant activity, and sesamol dimer had a slightly 
higher activity. It may be noted that sesamol dimer, an oxi- 
dation product  of sesamol, has an extensive antioxidant  
activity and the activity was much higher than that of sesa- 
mol in certain oils. 

Relevance of Sesamolin and 
Sesamol to Stability of Sesame Oil 

Stability of sesame oils was evaluated by measuring POV at 
the regular intervals in active oxygen method (Fig. 7). Edi- 
ble sesame oil containing both sesamolin and sesamol re- 
sisted peroxidat ion:  POV did not  increase and was less than 
5 meq/kg even after 94-hr activation of the oil (Fig. 7A). 
On the other hand, JP sesame oil containing sesamolin and 
free from sesamol was relatively unstable; POV rapidly in- 
creased to ca. 100 meq/kg after 23-hr activation without 
exhibiting a clear induction period. When 0.01% sesamol 
was incorporated in JP sesame oil, the stabili ty of the oil 
was slightly increased but  was far from that of the edible 
oil. JP sesame oil mixed with 0.01% seasmol dimer was 
more stable but  was not  so stable as the edible oil (Fig. 7A). 
High stability of the edible oil could not be explained by 
the presence of ca. 0.01% sesamol. 

When the JP oil was mixed with 5% of the edible oil 
(total sesamol content :  0.0005%), stability of the oil was as 
same as the JP oil with 0.01% seasmol. When the JP oil was 
mixed with 10% of the edible oil (total sesamol content:  
0.001%), stability of the oil was higher (Fig. 7B). These 
results suggest that the edible oil contains autioxidative 
compound(s)  other than sesamol, and the highly stable 
character of the edible oil can be explained by the presence 
of another strong antioxidative compound(s).  

Changes in amounts of sesamolin, sesamol and sesamol 
dimer in JP sesame oil under the activated conditions were 
monitored by high performance liquid chromatography 
(Fig. 8). Sesamolin in JP oil mixed with sesamol decreased 
gradually, and sesamol decreased rapidly to reach 30% of 
the initial content during the period of 20 hr, while POV 
gradually increased to 50 meq/kg. Sesamol dimer mixed in 
the JP oil decreased more rapidly and was completely lost 
after 20 hr, while POV of the oil gradually increased to 30 
meq/kg. The order of degradation speed of these compounds 
in the activated JP oil was sesamol dimer > sesamol > 
sesamolin; the tendency was similar to the case of ultra- 
violet irradiation (Fig. 3). No peaks other than those of the 
parent compounds were detectable in HPLC. It was found 
that  the rate of dect'ease in the activated JP oil correlated 
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FIG. 6. Increases in POV of fat and oils by active oxygen method. (A) Lard; (B) methyl 
oleatel and (C) soybean oil. , Control; - - e - - ,  +0.01% sesamolin; - - s - - ,  +0.01% sesa- 
mol; and - - o - - ,  +0.01% sesamol dimer. 
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FIG. 7. Increases in POV of  sesame oil by active oxygen method.  - - o - - ,  Jp sesame oil; 
- - a - - ,  J p sesame oil + o. 01% s e s a m o l ; - - o - - ,  Jp sesame oil +0.01% sesamol d i m e r ; - - ~ - - ,  
edible sesame oil; - - A - - ,  j p  sesame oil +5% edible sesame oil; and - - o - - ,  j p  sesame oil 
+10% edible sesame oil. 
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FIG. 8. Decreases of  sesamolln, sesamol and sesamol dlmer in Jp 
sesame oil by active oxygen method.  The amounts  of  sesamolha (| 
and sesamol (o) in Jp sesame oil containing 0.01% sesamol and the 
amount  of  sesamol dime* (o} of  the oil containing 0.01% sesamol 
dimer were determined by HPLC. 

with the development of antioxidant  activity of these 
compounds. 

In contrast to the case of JP oil, changes in the amounts 
sesamol by HPLC indicated the content  of sesamol was 
increased to 0.036%, and that  by hydrogen peroxide/horse- 
radish peroxidase indicated it was increased to 0.028%. POV 
of the edible oil did not  increase during the period of  94 hr. 
The results indicate that  sesamolin was transformed into 
sesamol by the activation of the oil, and the unidentified 
powerful antioxidant(s) endogenously contained in the oil 
might prevent degradation of unstable sesamol and peroxi- 
dation of  the oil. 

DISCUSSION 

Determination of the Constituents of Sesame Oil 

Sesame oil contains several constituents, among which sesa- 
mol, bound sesamol (sesamolin) and sesamin were regarded 
as compounds with ant ioxidant  activity and synergistic 
activity with pyrethrin insecticides (2). Colorimetric assay �9 
according to Baudouin or Villavecchia test has been adapted 
for the determination of sesamolin and sesamol (1,2,13,14). 
However, these classical methods were not  selective and 

troublesome, and partial separation with organic solvent 
was needed prior to the colorimetric determination. Recent 
works by Yoshida and Kashimoto (19) demonstrated that 
HPLC by a silica gel column was useful for determination 
of sesamolin, sesamol and sesamin in sesame oil. In the pres- 
ent study, we successfully separated and determined these 
constituents by HPLC using a reverse-phase column. 

In the previous paper (10), it  was shown that sesamol 
was converted into violet-colored sesamol dimer quinone by 
mild t reatment  with hydrogen peroxide/horseradish peroxi- 
dase system. Sesamolin was not  colored and sesamol was 
selectively colored and determined in this system. The meth- 
od may provide a versatile tool for determination of free 
sesamol in sesame oil. 

Antioxidant Activity of Sesamolin, 
Sesamol and Sesamol Dimer 

Bound sesamot (sesamolin) was inactive as an antioxidant  
in lard, methyl oleate and soybean oil (Fig. 6), and the re- 
suits were consistent with those by Budowski (4). Since 
liberation of sesamol from sesamolin in activated oil was 
very gradual (Fig. 9), sesamolin could not serve as an anti- 
oxidant  by itself. 

Sesamol was very active in lard and methyl oleate but  
much less so in soybean oil and JP sesame oil (Figs. 6 and 7). 
Sesamol showed an unexpectedly low antioxidant  activity 
in JP sesame oil. High activity in lard has been described 
previously (4,5). Sesamol decreased relatively rapidly 
demonstrating ant ioxidant  activity in JP sesame oil (Figs. 7 
and 8). 

Sesamol dimer has been isolated in a crystalline form 
(10). This compound is a possible intermediate of  the oxi- 
dative degradation of sesamol, since its structure was close 
to that  of the dimeric compounds of butylated hydroxyani-  
sole (11) which was produced in the activated oils contain- 
ing butylated hydroxyanisole (12). Sesamol dimer showed a 
potent  ant ioxidant  activity comparable to that  of the par- 
ent compound in lard, methyl  oleate, soybean oil and JP 
sesame oil (Figs. 6 and 7). This strong antioxidant  activity 
of sesamol dimer was not surprising since the dimers of 
butylated bydroxyanisole  had the same activity as the par- 
ent compound (11). The compound decreased more rapidly 
in JP sesame oil demonstrat ing more powerful ant ioxidant  
activity than sesamol (Figs. 7 and 8). 

Conversion of sesamolin into sesamol was demonstrated 
in edible sesame oil, while the transformation could not be 
observed in the experiments with activated JP sesame oil or 
irradiated benzene solution, which may be due to the high- 
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FIG. 9. The changes of  the amount  o f  sesamolin and sesamol in 
edible sesame oil by active oxygen method.  The contents of  s e a -  
molin (~)  and se~amol (e) were determined by HPLC. 

ly unstable nature of  sesamol. Detec t ion  of  sesamol d imer  
also failed, probably due to much higher instability. The 
final products  observed in each irradiated solut ion of  sesa- 
molin,  sesamol and sesamol d imer  werc identical,  suggesting 
that  the degradat ion of  these compounds  proceeded as illus- 
t rated in Scheme 1. 

Stability of Sesame Oil 

It has been long believed that  high stabili ty of  sesame oil 
toward peroxidat ion  was due to the presence of  free sesa- 
mol,  based on the observat ion that  the oil contained sesa- 
tool with high an t ioxidant  activity (1-5). 

JP sesame oil was the purified sesame oil and freed f rom 
various const i tuents  by certain processing t reatments ,  and 
it contained no sesamol. Stabil i ty of  JP sesame oil was rel- 
atively low. The an t iox idant  act ivi ty of  sesamol incorpor-  
ated in JP sesame oil was no t  so strong as has been des- 
cribed. In contrast ,  edible sesame oil contained many  con- 

s t i tuents  as well as sesamol, and the oil had much higher 
stability than JP sesame oil mixed  with sesamol. It  is unlikely 
that  sesamol is responsible for stability of  sesame oil. l l igh 
stabili ty of  the edible oil could only be explained by the 
presence of another  powerful  ant ioxidant(s) .  Sesamol in- 
corpora ted  in the JP oil rapidly disappeared and simultan- 
eously POV of  the oil increased, while sesamol con ten t  in 
the edible oil increased during the much longer  period. Pres- 
ence of  sesamol in sesame oil seemed to be a mere  index of  
whether  the sesame oil is p ro tec ted  against peroxidat ion  by 
ano ther  ant ioxidant(s) .  It may  be concluded that  both  per- 
ox ida t ion  of  sesame oil and loss of  sesamol were prevented 
by another  powerful  antioxidant(s) .  
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