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Attacks of thiyl radicals on the double bonds of unsaturated fatty acids lead to stereomutation (cis-,
trans-isomerization without double-bond migration) and addition reactions (thioether formation).
On the basis of these findings, an in vitro test system has been developed which allows the study
of the effectiveness of specific antioxidants in preventing thiyl radical-induced attacks on unsaturated
fatty acids. The test involves thermal treatment of a mixture of oleic (cis-9-octadecenoic) acid and
1-tetradecanethiol with the antioxidant, followed by measurement of the extent of formation of the
products of stereomutation and addition (i.e., elaidic (trans-9-octadecenoic) acid and isomeric 9(10)-
S-tetradecylstearic acids, respectively) by gas chromatography of their methyl esters as a function
of antioxidant concentration. Antioxidants such as octyl gallate, ascorbic acid 6-O-palmitate,
ubiquinone 50 (coenzyme Q10), rac-R-tocopherol, and 2,6-di-tert-butyl-4-methylphenol (BHT) were
tested for their ability to protect the >CdC< double bond of oleic acid against attacks of thiyl radicals
generated from 1-tetradecanethiol by heating. The results show that octyl gallate, ascorbic acid
6-O-palmitate and, to some extent, ubiquinone 50 (coenzyme Q10) were highly effective in preventing
reactions of free thiyl radicals with oleic acid, whereas rac-R-tocopherol and BHT were moderately
effective.

Keywords: Antioxidants; in vitro test; unsaturated fatty acids; cis-, trans-isomerization; stereo-
mutation; thiyl radicals

INTRODUCTION

Free radicals are a highly reactive species of chemical
compounds which are induced by the transfer of energy,
e.g., in the form of UV irradiation or heating. They are
also formed under physiological conditions, particularly
by mitochondrial oxidation processes or the hepatic
cytochrome P450 redox system. Once formed, free radi-
cals attack other cell constituents which are converted
to various chemical derivatives. There is increasing
evidence that reactions of free radicals and their deriva-
tives are involved in pathological processes leading to
several types of human diseases including atheroscle-
rosis, diabetes, and cancer (1). For example, oxidation
of low-density lipoproteins (LDL) may play an important
role in the initiation and progression of atherosclerosis
(2-4) and physiological thiol compounds such as ho-
mocystein may be involved in this mechanism (5).

Various chemical properties seem to be involved in
the action of thiol compounds, predominantly redox
potential and capacity for the formation of reactive thiyl
radicals (RS•), which attack, e.g., the double bonds of
unsaturated fatty acids leading finally to cis, trans-
isomerization and addition reactions (6-10). In feed and
food, as well as in organs and tissues, thiyl radicals may
arise predominantly from biological thiol compounds
such as cystein and glutathion. Typically, in a reaction
of oleic (cis-9-octadecenoic) acid (1) with 1-tetrade-
canethiol, the tetradecanethiyl radical-induced stereo-

mutation (cis, trans-isomerization without double-bond
migration) and addition (thioether formation) lead to
formation of elaidic (trans-9-octadecenoic) acid (3) and
isomeric 9(10)-S-tetradecylstearic acids (4), respectively
(Figure 1). The ability of a reagent to affect the reactions
induced by free thiyl radicals - among other reactions
- can thus modulate either the protective or noxious
properties of individual thiol compounds.

Various antioxidants such as tocopherols, ascorbic
acid, and polyphenols are known to have radical scav-
enger properties. They are able to trap free radicals and
prevent initiation of radical chain reactions. We have
developed a test system which allows one to study
specifically the effectiveness of antioxidants in reducing
thiyl radical-induced reactions with unsaturated fatty
acids. This test involves the formation of thiyl radicals
by heating 1-tetradecanethiol in the presence of oleic
acid and various concentrations of the antioxidant, as
well as the quantitative determination by gas chroma-
tography of the methyl esters of the reaction products,
i.e., trans-9-octadecenoic acid and isomeric 9(10)-S-
tetradecylstearic acids, respectively. This in vitro test
may help to assess the effectiveness of various antioxi-
dants in protecting >CdC< double bonds of chemical
and biochemical compounds against thiyl radical-
induced reactions.

EXPERIMENTAL PROCEDURES

Chemicals. 1-Tetradecanethiol, oleic acid, octyl gallate,
ascorbic acid 6-O-palmitate, ubiquinone 50 (coenzyme Q10), and
rac-R-tocopherol were purchased from Sigma-Aldrich-Fluka
(Deisenhofen, Germany). 2,6-Di-tert-butyl-4-methylphenol (BHT)
was obtained from E. Merck (Darmstadt, Germany). Trimeth-
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ylsulfonium hydroxide (TMSH) reagent (0.2 M TMSH in
methanol) was a product of Macherey-Nagel (Düren, Ger-
many). Isomeric methyl 9(10)-S-tetradecylstearates were pre-
pared by UV irradiation of a mixture of oleic acid and
1-tetradecanethiol as described previously (10).

Radical Scavenger Test. Solutions in isohexane of oleic
acid (20 µmol) and 1-tetradecanethiol (60 µmol) were mixed
in brown, screw-capped Teflon-lined 1 mL autosampler vials
with various proportions (0.1, 0.5, 1, 5, 10, 50, and 100 µmol)
of one of the above antioxidants which were dissolved in
dichloromethane or dichloromethane/methanol (9:1, v/v).
Samples without antioxidant were used as blanks. The sol-
vents were removed in a stream of nitrogen at room temper-
ature and then in vacuo at 45 °C for 10 min. Finally, the vials
were heated in a heating block at 100 °C for 10 min in a
nitrogen atmosphere. After cooling, the reaction mixtures were
dissolved in 0.6 mL of methyl tert-butyl ether/methanol (9:1,
by vol.), and a 20 µL aliquot was used for GC derivatization.

Derivatization for GC. Under standard conditions, 40 µL
of TMSH reagent was added to a 20-µL aliquot of reaction
mixture containing about 1 µmol 1-tetradecanethiol and 0.3
µmol oleic acid, as well as varying concentrations of antioxi-
dants (the proportion of derivatization reagent was doubled
for samples containing more than 10 µmol antioxidant). The
derivatization mixtures, 1-2 µL, were injected into the gas
chromatograph (11, 12).

Gas Chromatography. A Hewlett-Packard (Böblingen,
Germany) HP-5890 Series II gas chromatograph equipped with
a flame ionization detector was used. Separations were carried
out on a 0.1 µm Quadrex 400-5HT (Quadrex Corp., New
Haven, CT) fused silica capillary column, 25 m × 0.25 mm
i.d., using hydrogen as the carrier gas (column pressure 50
kPa) initially at 120 °C for 2 min, followed by linear program-
ming from 120 °C to 180 °C at 5 °C × min-1 and from 180 °C
to 380 °C at 20 °C × min-1, the final temperature of 380 °C
was held for 6 min. The split ratio was 1:10. Peaks in gas
chromatograms were assigned by comparison of their retention
times with those of known standards. Peak areas and percent-
ages were calculated using Hewlett-Packard 3365 Series GC
ChemStation software. Stereomutation of oleic acid, as well
as the formation of thiol adducts, was checked by GC after
derivatization with TMSH of the reaction mixture to methyl
cis-9- and trans-9-octadecenoates, isomeric methyl 9(10)-S-
tetradecylstearates, and methyl tetradecanesulfide (11, 12)
using the GC conditions described above.

Data Analysis. Data of radical scavenger tests are ex-
pressed as means ( SEM of three independent experiments
(n ) 3) per antioxidant concentration, whereas data of blanks
(without antioxidant) are given as mean ( SEM (n ) 16). The
difference between the proportion of elaidic acid in the blanks
and that of maximum inhibition (∆max) was calculated, whereas
the concentration of antioxidant which reduced stereomutation

by 50% (C∆50) was determined graphically (cf. Figure 2) (13).
Similarly, data of radical inhibition tests were analyzed from
the formation of isomeric 9(10)-S-tetradecylstearic acids, i.e.,
the products of addition reaction.

RESULTS AND DISCUSSION

Free radicals, including thiyl radicals, are involved
in the pathology of many types of human diseases (1,
5) leading to the development of various radical scav-
engers for the treatment of such disorders. Thiyl radi-
cals are formed from thiol compounds by physical,
chemical, and biochemical energy transfer. They revers-
ibly attack the double bonds of unsaturated fatty acids
leading to mixtures of cis- and trans-fatty acids as well
as addition products (thioethers) as is shown in Figure
1 (6, 8-10, 14). Both reactions, i.e., cis/trans-isomer-
ization and addition, are radical chain reactions caused
by thiyl radicals. Key intermediates are the isomeric
alkyl radicals 2 (cf. Figure 1) which are formed by the
addition of an alkanethiyl radical (RS•) to the >CdC<
double bond. Alkyl radicals 2 react either by â-elimina-
tion of an alkanethiyl radical leading to a mixture of
the geometrical isomers 1 (cis-9-octadecenoic acid) and
3 (trans-9-octadecenoic acid), or by addition of hydrogen

Figure 1. Mechanism of tetradecanethiyl radical-induced reactions of oleic (cis-9-octadecenoic) acid (1) leading to elaidic (trans-
9-octadecenoic) acid (3) and isomeric 9(10)-S-tetradecylstearic acids (4) by stereomutation and addition reactions, respectively,
with isomeric alkyl radicals (2) as intermediates (R, tetradecyl moiety; RS*, tetradecanethiyl radical).

Figure 2. Graphic determination of the effectiveness of octyl
gallate as scavenger of thiyl radicals (2, blank, without
antioxidant, n ) 16; 4, other determinations in the presence
of various concentrations of octyl gallate, n ) 3; ∆max, difference
between the proportion of elaidic acid in the blanks and that
of maximum inhibition; C∆50, concentration of octyl gallate
which reduced stereomutation by 50%).

Inhibition of Thiyl Radical-Induced Isomerization J. Agric. Food Chem., Vol. 49, No. 3, 2001 1225



leading to the isomeric thioether derivatives (4) of 9-oc-
tadecenoic acid.

We present data of an in vitro test which uses the
inhibition of thiyl radical-induced reactions on >CdC<
double bonds leading to stereomutation and addition
reactions as a measure of the radical-inhibiting activity
of synthetic and natural antioxidants. This test may
help to assess the efficiency of antioxidants in protecting
unsaturated fatty acids such as oleic and linoleic acids
against the attacks of thiyl radicals (cf. Figure 1).

The effectiveness of octylgallate and other antioxi-
dants as radical scavengers in thiyl radical-induced
reactions was tested for stereomutation reaction of oleic
(cis-9-octadecenoic) acid (1) to elaidic (trans-9-octade-
cenoic) acid (3) in the above system by three indepen-
dent experiments per antioxidant concentration (Figure
2). The results of gas chromatographic analyses, i.e., the
proportions of elaidic acid formed, are given as mean (
SEM (n ) 3). Test mixtures without antioxidant were
used as blanks. The maximum difference between the
proportion of elaidic acid formed in the blanks and that
formed in the presence of various antioxidant concen-
trations is shown as maximum inhibition (∆max), whereas
the concentration of antioxidant which reduced stereo-
mutation by 50% (C∆50) was determined graphically as
demonstrated in Figure 2.

The inhibition of stereomutation reaction of oleic (cis-
9-octadecenoic) acid (1) to elaidic (trans-9-octadecenoic)
acid (3) by various concentrations of different antioxi-
dants is shown in Table 1. It is obvious from these
results that, under the conditions described, 1 to 5 µmol
of octyl gallate reduced cis-, trans-isomerization of oleic
acid by >90%. Similar results were obtained for ascorbic
acid 6-O-palmitate and, to some extent, for ubiquinone
50 as the antioxidants (Table 1). In contrast, the data
obtained with BHT and rac-R-tocopherol revealed that
both antioxidants were less effective in reducing ste-
reomutation of oleic acid as compared to octyl gallate
and ascorbic acid 6-O-palmitate. The slight increase of
stereomutation reaction observed with 50 and 100 µmol
octyl gallate/test may be due to prooxidant effects which
are known to occur in the presence of high concentra-
tions of antioxidants (15).

Similarly, the inhibition of thiyl radical-induced ad-
dition reactions was determined for various concentra-
tions of antioxidants (Table 2). These results show that
isomeric 9(10)-S-tetradecylstearic acids (4), derived from
the addition of 1-tetradecanethiol to oleic and elaidic
acids, are formed in relatively small amounts (around
6%) as compared to elaidic acid (around 60%) derived
from stereomutation reaction of oleic acid (Table 1).
However, the trend of the inhibition of the addition

Table 1. Inhibition of Thiyl Radical-Induced Stereomutation of Oleic Acid to Elaidic Acid by Various Concentrations of
the Different Antioxidants

elaidic acid (trans-9-octadecenoic acid) formed (%)a in the presence of
various concentrations of antioxidants (µmol/test)

antioxidant 0.05 0.1 0.5 1 5 10 50 100

octyl gallate 67.6 ( 3.3 54.1 ( 3.8 10.7 ( 2.5 3.6 ( 1.2 3.1 ( 0.9 3.7 ( 1.9 12.7 ( 5.3 13.3 ( 4.5
ascorbic acid 6-O-palmitate 75.4 ( 0.3 68.7 ( 2.7 14.4 ( 4.5 10.5 ( 2.7 4.5 ( 1.3 5.0 ( 0.7 4.0 ( 0.7 4.8 ( 1.7
ubiquinone 50 50.2 ( 2.2 45.9 ( 2.0 29.1 ( 0.6 24.3 ( 1.4 8.8 ( 0.7 4.8 ( 0.1 4.5 ( 2.0 -
rac-R-tocopherol 55.8 ( 2.3 54.4 ( 0.8 65.9 ( 2.9 64.9 ( 3.4 50.5 ( 5.8 36.8 ( 7.9 16.8 ( 5.2 7.3 ( 0.6
2,6-di-tert-butyl-4-methylphenol

(BHT)
68.2 ( 1.9 72.7 ( 2.4 67.4 ( 2.1 56.7 ( 5.6 29.3 ( 3.1 19.7 ( 0.8 26.7 ( 2.6 27.5 ( 0.4

a Mean ( SEM (n ) 3); blank (without antioxidant), 59.0 ( 2.3 (n ) 16).

Table 2. Inhibition of Thiyl Radical-Induced Formation of Addition Products, i.e., Isomeric 9(10)-S-Tetradecylstearic
Acids, from Oleic Acid and 1-Tetradecanethiol by Various Concentrations of the Different Antioxidants

isomeric 9(10)-S-tetradecylstearic acids formed (%)a in the presence of
various concentrations of antioxidants (µmol/test)

antioxidant 0.05 0.1 0.5 1 5 10 50 100

octyl gallate 4.1 ( 0.6 2.0 ( 0.5 0.2 ( 0.1 0.1 ( 0.1 0.1 ( 0.1 0.2 ( 0.1 0.3 ( 0.1 0.5 ( 0.2
ascorbic acid 6-O-palmitate 9.5 ( 0.6 6.0 ( 1.1 0.5 ( 0.2 0.4 ( 0.1 0.1 ( 0.1 0.2 ( 0.1 0.1 ( 0.1 0.3 ( 0.1
ubiquinone 50 4.8 ( 0.4 4.3 ( 0.5 1.6 ( 0.1 1.0 ( 0.1 0.2 ( 0.1 0.1 ( 0.1 0.1 ( 0.1 -
rac-R-tocopherol 3.9 ( 0.1 3.7 ( 0.1 6.1 ( 0.7 5.9 ( 0.3 4.4 ( 0.9 2.4 ( 1.0 0.5 ( 0.20 0.1 ( 0.1
2,6-di-tert-butyl-4-methylphenol

(BHT)
10.2 ( 0.3 8.8 ( 1.2 5.1 ( 0.3 3.6 ( 0.7 1.6 ( 0.5 0.7 ( 0.1 0.7 ( 0.1 0.6 ( 0.1

a Mean ( SEM (n ) 3); blank (without antioxidant), 5.6 ( 0.4 (n ) 16).

Table 3. Comparison of the Effectiveness of Various Antioxidants as Radical Scavengers in Thiyl Radical-Induced
Reactions Using the Inhibition of both the Stereomutation of Oleic Acid to Elaidic Acid and the Addition of
1-Tetradecanethiol to Oleic or Elaidic Acids

stereomutation addition

antioxidant
∆max
(%)

C∆50
(µmol)

effectivenessa

(µmol-1)
∆max
(%)

C∆50
(µmol)

effectivenessa

(µmol-1)

octyl gallate 56 0.23 243 5.5 0.08 67.5
ascorbyl 6-O-palmitate 56 0.3 187 5.5 0.25 22.0
ubiquinone 50 54 0.4 135 5.5 0.24 22.9
rac-R-tocopherol 52 15.1 3.4 5.5 8.3 0.7
2,6-di-tert-butyl-4-methyl-phenol

(BHT)
40 3.8 10.5 5.0 0.46 10.9

a Defined as product ∆max × (C∆50)-1, with ∆max given as maximum inhibition of stereomutation (%) or as maximum inhibition of addition
reaction (%) and (C∆50)-1 as the reciprocal concentration of antioxidant which leads to a 50% inhibition of stereomutation and addition
reactions, respectively (13).
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reaction by the different antioxidants (Table 2) was
similar to those found for the stereomutation reaction
(Table 1).

Table 3 shows the comparison of the effectiveness of
various antioxidants as inhibitors for thiyl radical-in-
duced stereomutation or addition reactions. It is obvious
from these results that both methods reveal a similar
order of radical scavenging activities showing highest
effectiveness for octyl gallate and ascorbic acid 6-O-
palmitate, followed by ubiquinone 50, and rather low
effectiveness for BHT and rac-R-tocopherol.

It is obvious from the data given in Tables 1 and 2,
as well as from the mechanism of both reactions, i.e.,
stereomutation and addition (cf. Figure 1), that the
formation of alkyl radical intermediates (2) is most
probably inhibited by the reaction with the various
antioxidants. In contrast, the interruption of the radical
chain reaction by dimerization of two alkanethiyl radi-
cals (RS•) to dialkyl disulfides (RS-SR) seems to be not
inhibited by the antioxidants used. This is evident from
our results that the formation of ditetradecyl disulfide
by dimerization of two thiyl radicals was generally low
(<1%) under the conditions described and it was little
influenced by moderate concentrations (e 10 µmol/test)
of antioxidants. However, high antioxidant concentra-
tions (with the exception of BHT) obviously increased
ditetradecyl disulfide formation (data not shown).

Results similar to those observed for oleic acid were
obtained for the stereomutation reaction of linoleic acid
in the presence of thiyl radicals. However, the pattern
of geometrical isomers formed was much more compli-
cated (8-10), and high molecular products of an addi-
tion reaction containing more than one S-tetradecyl
moiety may not be detected using the GC method
described (data not shown).

In contrast to the attacks of thiyl radicals, free radical
autoxidation, and singlet oxidation, of oleic acid leads
predominantly to hydroperoxy derivatives with posi-
tional and geometrical isomerization of the double bond
(16). Typical primary and secondary reaction products
such as hydroperoxy, epoxy, and hydroxy derivatives of
oleic acid, however, have not been detected in blanks
in the absence of both 1-tetradecanethiol and antioxi-
dants (data not shown).

Thiol compounds which are ubiquitous components
of plant and animal food, or which have been added,
e.g., cysteine, to food and feed may lead to the formation
of undesirable trans-fatty acids from the corresponding
cis-fatty acids, particularly if and when heat treatment
is required in food processing. The unexplained occur-
rence of small proportions of trans-fatty acids in native
vegetable oils may be due to thiyl radical-induced
stereomutation reactions. Moreover, our results dem-
onstrate that the use of thiol compounds as antioxidants
(as described recently by Papadopoulou and Roussis
(17)) is not recommended for fats and oils. The method
described here gives one the opportunity to check the
ability of specific individual antioxidants to inhibit the
formation of trans-fatty acids and thioether derivatives
of unsaturated fatty acids which may arise from thiyl
radical-induced stereomutation and addition reactions
in food and feed.

To summarize, an in vitro test system has been
developed which allows the study of the effectiveness
of specific antioxidants in preventing thiyl radical-
induced attacks on unsaturated fatty acids leading to
stereomutation and addition reactions. Our results show

that octyl gallate and ascorbic acid 6-O-palmitate and,
to some extent, ubiquinone 50 (coenzyme Q10) were
highly effective in preventing stereomutation and ad-
dition reactions of free tetradecanethiyl radicals with
oleic acid, whereas rac-R-tocopherol and BHT were
moderately effective.
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