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Abstract: Fish, echium, linseed, and soybean oil triacyglycerols (TAGs) were oxidized 12 
at 50 or 60°C to determine the effect of the polyunsaturated fatty acid composition on 13 
the volatile product formation. The analysis of the oxygen consumption and total 14 
volatile formation demonstrated that the soybean oil TAG had the highest oxidative 15 
stability followed by linseed, echium, and fish oil TAGs. Our results were in agreement 16 
with the expected average number of bis-allylic positions of each TAG. Higher 17 
quantities of acrolein (2-propenal) and propanal were detected using the static 18 
headspace gas chromatography method at the early stages of oxidation of echium and 19 
fish oil TAGs; however, a considerable amount of propanal and only a small amount of 20 
acrolein were found in the oxidized linseed oil TAG. The peak area ratio of acrolein to 21 
propanal were 0.115, 0.569, and 2.554 after the 8 hr oxidation of linseed, echium, and 22 
fish oil TAG, respectively, suggesting the preferential formation of acrolein, especially 23 
during the fish oil TAG oxidation. The acrolein quickly increased during the first stage 24 
of oxidation, but afterward, it either did not change or slightly decreased during the fish 25 
oil oxidation. Because fish oil induces flavor deterioration from the very early stage of 26 
the oxidation, the acrolein formation observed in the present study may be important for 27 
fish oil deterioration.  28 
 29 
Keywords: fish oil oxidation · flavor deterioration · volatiles · acrolein · oxidative 30 
stability 31 
 32 
 33 
Introduction 34 
 35 
Eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are 36 
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typical n-3 polyunsaturated fatty acids (PUFAs) found in fish oils. These two long chain 37 
PUFAs have been demonstrated to cause significant biochemical and physiological 38 
changes in the body that primarily exhibit a positive influence on human nutrition and 39 
health [1-5]. However, the development of fishy and metallic off-flavors that are often 40 
found in fish oils rich in EPA and DHA dissuades people from consuming them. These 41 
undesirable flavors mainly come from the oxidation of EPA and DHA in the fish oils. 42 
The first step of the lipid oxidation is the abstraction of the bis-allylic hydrogen radical 43 
from the substrate PUFA to form a lipid-free radical. The radical then reacts with 44 
oxygen to form hydroperoxides. Thus, the level of oxidative deterioration in fish oil is 45 
commonly assessed by measuring the hydroperoxides. However, EPA- and 46 
DHA-hydroperoxides are very easily decomposed into volatile secondary oxidation 47 
products that are responsible for the undesirable flavors in fish oils. Thus, it is possible 48 
to have fish oils with very low hydroperoxide levels that also have an undesirable taste. 49 
The rapid formation of volatile aldehydes is the most serious challenge that limits the 50 
addition of fish oil to general food products. 51 

The determination of secondary products, such as polymers, using the anisidine 52 
value, the 2-thiobarbituric acid value, sensory analysis, and gas chromatographic (GC) 53 
methods for volatile compounds is more important in evaluating the oxidative 54 
deterioration of fish oil that contains EPA and DHA. Of the methods, the best technique 55 
for determination of the volatile oxidation products is using GC. Volatile compounds 56 
that are suitable for the GC determinations are primarily aldehydes and hydrocarbons. 57 
Jacobsen [6] conclusively showed that there was no correlation between the peroxide 58 
value, a typical value used to evaluate the oxidative stability of lipids, and the taste 59 
panel response for fish oil-enriched spreads. However, the data on volatile compounds 60 
obtained by the headspace methods using GC was correlated well with the sensory data. 61 
Many types of volatile compounds that contain hydrocarbons, such as vinyl alcohols, 62 
alkenals, alkadienals, alkatrienals, and vinyl ketones, have been identified in fish oil 63 
oxidation [7-13]. However, the sensory impact of individual or combinations of volatile 64 
oxidation compounds in food systems containing fish oil has yet to be established. 65 
Hence, further research is needed to use this method to evaluate fish oil deterioration.  66 

Because of their high threshold, hydrocarbons and vinyl alcohols will be relatively 67 
insignificant in undesirable fishy flavors. However, different carbonyl compounds that 68 
contain alkenals, alkadienals, alkatrienals, and vinyl ketones with a low threshold have 69 
been demonstrated to be potent odorants that are responsible for the flavors, but none of 70 
the separated volatiles imparted a fishy off-flavor [8,13]. Typical GC analyses that are 71 
used to detect the volatile compounds from oxidized lipids include the direct injection 72 
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method, the dynamic headspace method and the static head space method, respectively. 73 
Recently, the dynamic headspace method with a solid-phase microextraction (SPME) 74 
fiber has been the most used [14-18]. Snyder et al. [19] have compared the three GC 75 
methods for the analysis of volatile compounds from oxidized soybean oil. They found 76 
that the proportions of 2,4-decadienal and 2,4-heptadienal in the direct injection and 77 
dynamic headspace techniques were much higher than those found in the static 78 
headspace method. However, the static head space method produced larger proportions 79 
of 2-heptenal, pentane, and propanal. Additionally, more low molecular compounds 80 
were found using the static head space method, including acrolein (2-propenal), at the 81 
early stage of the oxidation. Acrolein is approximately 100 times more reactive than 82 
4-hydroxy-2-nonenal, a well-known toxic lipid oxidation compound [20-22]. Acrolein 83 
has also been known to produce undesirable and irritating odors with an odor threshold 84 
of 3.6 ppb [23]. 85 

There have been several possible pathways for acrolein formation: the enzymatic 86 
oxidation of spermine in biological systems [24], the oxidative homolytic fission of C-O 87 
bonds of glycerol after the hydrolysis of triacylglycerol (TAG) during oxidation [10], 88 
and cleavage of hydroperoxides of polyunsaturated fatty acids [23]. Endo et al. [23] 89 
have demonstrated that the acrolein formation levels in thermally oxidized vegetable 90 
oils increased with an increasing α-linolenate content in the oils, but the linoleate 91 
content did not correlate with the acrolein formation. Hirayama et al. [25] found that 92 
more acrolein was formed during the oxidation of methyl α-linolenate than during the 93 
oxidation of methyl linoleate. These results suggest that the acrolein formation may 94 
have a huge impact on the oxidative deterioration of lipids that have a high level of 95 
unsaturated fatty acids, such as α-linolenic acid (18:3n-3), EPA (20:5n-3), and DHA 96 
(22:6n-3). Thus, we report the volatile compounds formed during the autoxidation of 97 
four types of TAGs with different fatty acid compositions, giving specific attention to 98 
the acrolein formation.  99 

 100 
Methods 101 
 102 
Standards and Substrate Lipids 103 
  104 

The silica gel (BW-60F) for the column chromatography was purchased from Fuji 105 
Sylysia Chem. Ltd., Kasugai, Aichi, Japan. The activated carbon and Celite (545 RVS) 106 
were products of Nacalai Tesque Inc., Kyoto Japan. The soybean oil and linseed oil 107 
were purchased from Wako Pure Chemical Ind., Osaka and Summit Oil Mill Co. Ltd., 108 
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Chiba, Japan, respectively. The echium oil and fish oil was kindly donated by De Wit 109 
Special Oil Co., The Netherlands. Two kinds of fish oil, DHA concentrated oil 110 
(DHA-55) and EPA concentrated oil (EPA-28MN) were gifts from Maruha Nichiro Co., 111 
Tsukuba, Japan. Both oils were mixed in equal parts and used as fish oil. Triolein 112 
(purity>99%) was obtained from Wako Pure Chemical Ind. All the other chemicals and 113 
solvents were of analytical grade. 114 
 115 
Lipid Substrate Purification 116 
 117 
Each oil (ca. 25 g) was passed through a column (50 cm x 4 cm i.d.) packed with a 118 
n-hexane slurry mixture of activated carbon (100 g) and Celite (100 g) to remove the 119 
tocopherols and pigments by eluting with n-hexane (1200 mL). The obtained oil (ca. 10 120 
g) was refined using a silicic acid column (50 cm x 4 cm i.d.) packed with a n-hexane 121 
slurry of Silica gel BW-60F (200 g) by eluting with n-hexane (200 mL) and a mixture of 122 
n-hexane-diethyl ether (98:2 (200 mL) and 90:10 (1200 mL), v/v). The fraction eluted 123 
with the n-hexane-diethyl ether (90:10) was composed of TAG and showed no other 124 
impurities, such as free fatty acids, monoacylglycerols, or diacylglycerols, via thin-layer 125 
chromatographic analysis using a 0.25 mm silica gel plate (Silica gel 60G; Merck) 126 
developed with n-hexane/diethyl ether/acetic acid (70:30:1, v/v/v). The TAG spot was 127 
detected with iodine vapor or 60% aqueous sulfuric acid charring. The identification of 128 
the spot was performed using a standard TAG (triolein). The peroxide value of the 129 
purified TAG was less than 1.0 meq/kg as determined by the AOCS Official Method 130 
[26]. Few peroxides and tocopherols were also detected in the TAG via HPLC analysis 131 
[27]. The fatty acid composition of the TAG was determined using gas chromatography 132 
(GC) after conversion of the fatty acyl groups in the lipid to their methyl esters by 133 
transesterification using sodium methoxide (CH3ONa) as the catalyst [27]. The GC 134 
analysis was performed on a Shimadzu GC-14B (Shimadzu Corporation, Kyoto, Japan) 135 
equipped with a flame-ionization detector and a capillary column (Omegawax-320; 30 136 
m x 0.32 mm i.d.; Supelco, Bellefonte, PA). The detector, injector, and column 137 
temperatures were 260, 250, and 200°C, respectively. The carrier gas was helium, and it 138 
had a flow rate of 50 kPa. The fatty acid content was expressed as a weight percentage 139 
of the total fatty acids. 140 
 141 
Oxidation and Analysis  142 
 143 

Each 300 mg TAG sample was placed in a 20 mL aluminum sealed vial with a 144 
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butyl-gum septum (GL Science, Tokyo, Japan) and then incubated at 50°C or 60°C in 145 
the dark. Before the incubation, the level of oxygen in the headspace gas of the vial was 146 
estimated using a GC (Shimadzu GC-14B) [28]. The GC was equipped with a thermal 147 
conductivity detector and a stainless steel column (3 m x 3.0 mm i.d.) packed with a 148 
molecular Sieve 5A (GL Science). The temperatures at the injection port, detector port 149 
and column oven were 120°C, 120°C and 70°C, respectively. The helium flow was 50 150 
kPa. More than three separate vials containing similar samples were prepared and 151 
incubated. A small portion (20 µL) of the headspace gas was taken from each vial using 152 
a microsyringe through the butyl gum septum at selected times during the oxidation. 153 
The decrease (%) in the oxygen was calculated from the changes in the oxygen to 154 
nitrogen ratio compared with the ratio before incubation. Each data value at different 155 
oxidation times of the different samples was expressed as the mean±SD (n=3). 156 

The oxidation of the sample was also monitored via GC analysis of the volatile 157 
compounds. A TAG sample of 300 mg was sealed in a 20 mL clean vial and incubated at 158 
50°C or 60°C in the dark. For the static headspace GC analysis, after a definite time of 159 
incubation, the sample vial was transferred into the HS-20 headspace auto-sampler 160 
(Shimadzu Corporation) of the GC apparatus. The headspace gas in the vial was 161 
automatically pressurized at 60°C for 2 min and then immediately injected through a 162 
loop into the GC (Shimadzu GC-2014AFSC) equipped with a HP-1 capillary column 163 
(50-m length, 0.32 mm i.d. and 1.05-µm film thickness; Agilent Technologies, CA, 164 
USA) and a flame ionization detector. An initial oven temperature of 40°C for 5 min 165 
was used, followed by a rate of 3°C/min to 70°C and then by a rate of 20°C/min to 166 
200 °C, and finally, the temperature was held at 200°C for 4 min. Both the injection port 167 
and the flame ionization detector were set at 250°C. Three replicate measurements of 168 
each stored sample were performed, and the data were expressed as the mean±SD 169 
(n=3).  170 

 171 
GC-MS Analysis 172 
 173 
The identities of the volatile compounds were obtained using solid phase 174 
micro-extraction (SPME) and gas chromatography-mass spectrometry (GC-MS). The 175 
volatiles were collected from the sealed vials containing different TAG samples after 176 
incubation using a 50/30 μm DVB/CAR/PDMS SPME fiber (Supelco, Bellafonte, PA, 177 
USA). The SPME fiber was exposed to the headspace for 5 min at room temperature 178 
under the same conditions. The absorbed volatiles were then desorbed in the injection 179 
port of the gas chromatograph GC-2010 equipped with a Model GCMS-QP2010 Ultra 180 
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mass spectrometer (Shimadzu Corporation). The GC conditions were the same as 181 
described above. The mass spectrometer was operated in the electron impact ionization 182 
mode (70 eV). The identification of the volatile compounds was performed by 183 
comparison with the mass spectra from the NIST Standard Reference Database and by 184 
injection of authentic standards. Acrolein peak was identified from parent ion (m/z 56) 185 
and other target ions (m/z 55 and 27). In addition to GC-MS analysis, authentic sample 186 
of acrolein was used for the identification of the GC peak. GC was carried out using two 187 
different columns, namely HP-1 and DB-35. 188 
 189 
Results and Discussion 190 
 191 
Comparison of the oxidative stability of different TAGs  192 

 193 
According to the traditional oxidation mechanism, the rate-limiting step in the reaction 194 
is abstraction of the hydrogen atom that occurs at the bis-allylic position 195 
(CH=CH-CH2-CH=CH) of the PUFA; therefore, the oxidative stability of 196 
polyunsaturated lipids increase with a decreasing number of bis-allylic positions [29]. 197 
The average number of bis-allylic positions per each TAG molecule was obtained from 198 
the mol concentration of the PUFA composing the TAG and the number of bis-allylic 199 
position(s) of the PUFA. The mol concentration of the PUFA was computed using the 200 
weight % of the PUFA (Table 1) and the molecular weight of each PUFA. Thus, the 201 
average number of bis-allylic positions per molecule of soybean, linseed, echium, and 202 
fish oil TAGs was calculated to be 0.613, 1.103, 1.287, and 2.187, respectively.  203 

When the oxidative stability of the four types of TAGs at 50°C was compared by 204 
measuring the decrease in the oxygen concentration (Fig. 1A), the oxidative stability 205 
was found to be the highest for the soybean oil TAG, followed by the linseed and 206 
echium oil TAGs, respectively. This order was in agreement with that expected from the 207 
average number of bis-allylic positions. However, there was little difference in the rate 208 
decrease of the echium oil TAG and the fish oil TAG, even though the average number 209 
(2.187) of positions in the fish oil TAG was much higher than that (1.287) of the echium 210 
oil TAG. The highest oxidative stability of the soybean oil TAG was also confirmed 211 
using GC volatile analysis (Fig. 1B and 1C). Although the total peak area of the 212 
volatiles increased with the incubation time for all the TAG samples, the soybean oil 213 
TAG required several incubation times to provide a rapid increase in the total volatiles.  214 
 215 
Volatile Compound Analyses Using the Static Headspace Method  216 
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 217 
Volatile oxidation products are directly responsible for or serve as markers for the flavor 218 
deterioration in oxidized lipids. Specifically, in the oxidation of n-3 PUFA-containing 219 
lipids, such as fish oil, the off-odors are formed at the very early stages of oxidation. 220 
Because volatile oxidation products sometimes have a strong impact on the flavor at 221 
extremely low concentrations, often below 1 ppm, much research has been performed 222 
on the key volatile compounds that are responsible for the fish oil flavor deterioration.  223 

Although early studies recognized that trimethylamine and compounds from 224 
oxidizing PUFA were involved in the production of the distinct fishy flavors in marine 225 
foods, a trimethylamine-like fishy odor was only apparent at a high concentration of 226 
trimethylamine in the fish oils [8]. The major contributors to off-flavors in fish oil are 227 
short-chain saturated and unsaturated aldehydes and ketones that have a greasy, oily, 228 
green grassy or green plant-like odor [7]. Among the numerous carbonyl compounds 229 
identified in the oxidizing fish lipids, 1-penten-3-one and 2,4-heptadienal have been 230 
reported as the flavor deterioration indicators of oxidizing fish oil [11]. Additionally, 231 
4-heptenal, 2,4-heptadienal, 2,6-nonadienal, 2,4,7-decatrienal, 1-pentene-3-one, 232 
1-octen-3-one, and 1,5-octadien-3-one have also been demonstrated as major off-flavor 233 
contributors [8,12,13].  234 

Some of these aldehydes and ketones were also detected in the oxidations of four 235 
types of TAGs that are studied here. The GC analysis of oxidized soybean, linseed, 236 
echium, and fish oil TAGs at 60°C are shown in Fig. 2A, 2B, 2C, and 2D, respectively. 237 
Although the same volatile compounds are found on each chromatogram (Fig. 2), the 238 
GC profiles are different because of the different fatty acid composition of each TAG 239 
(Table 1). For example, in the soybean oil TAG, the volatile compounds were relatively 240 
small before 90 hr of incubation. After 198 hr of oxidation, pentane (3) was found in the 241 
largest quantity followed by hexanal (5), propanal (2), and acrolein, respectively. 242 
However, even after 8 hr of incubation, acrolein (1) and propanal (2) were found in the 243 
oxidations of echium and fish oil TAGs (Fig. 2C and 2D, respectively), while the 244 
acrolein (1) level was found to be low in the oxidation of linseed oil TAG (Fig. 2B). The 245 
formation of acrolein and propanal was also found in the early stages of oxidation of the 246 
echium and the fish oil TAGs at 50°C (data not shown). The peak area ratios of acrolein 247 
to propanal were 0.115, 0.569, and 2.554 for the 8 hr oxidation of linseed, echium, and 248 
fish oil TAG, respectively (Fig. 2), suggesting the preferential formation of acrolein, 249 
especially during the fish oil TAG oxidation.  250 

Acrolein is well-known as a representative undesirable volatile aldehyde found in 251 
frying oils [30]. It provides undesirable and irritating odors [23]. Moreover, acrolein has 252 
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a harmful influence with a LD50 (oral) of 82 mg/kg [30]. It may cause eye, nasal, and 253 
respiratory tract irritations, membrane damage, mitochondrial dysfunction, myelin 254 
disruption in the nervous system, and it may induce epithelial cell injury [20-22]. 255 
Although acrolein can be formed in frying oils and in autoxidized lipids [19-22], a little 256 
attention has been given to the formation of acrolein in autoxidized unsaturated lipids. 257 
Based on the strong impact of acrolein on flavor deterioration and toxicity, more 258 
attention should be given to acrolein formed in the lipid autoxidation because it is one 259 
of the key volatile compounds that can be used to predict the sensory quality of 260 
unsaturated lipids that are susceptible to oxidative degradation, such as fish oil.  261 
 262 
Changes in the Quantities of the Volatile Compounds During the TAG Oxidations 263 
 264 

The quantitative analysis of the major volatile compounds using the static headspace 265 
GC method is shown in Fig. 3 and Fig. 4. The amounts of the volatile compounds are 266 
expressed as peak intensities. All of the volatile compounds except for acrolein 267 
increased with increasing incubation time. Acrolein was the most abundant volatile in 268 
the fish oil TAG (Fig. 3D). It quickly increased, but then it stayed constant or slightly 269 
decreased. The other main volatiles detected in the fish oil oxidation were propanal and 270 
1-pentene-3-ol (Fig. 3D). The relative concentration of 1-pentene-3-ol was also 271 
significant in the oxidized linseed (Fig. 3B) and echium (Fig. 3C) oil TAGs. Acrolein 272 
was detected at a similar level to that of the 1-pentene-3-ol peak in the linseed and 273 
echium oil TAGs. The major volatiles found in the oxidations of both TAGs were 274 
pentane and propanal. These volatiles may be produced by the decomposition of the 275 
monohydroperoxides from the n-3 PUFAs, such as 18:3n-3 and 18:4n-3 (Table 1) [19]. 276 
The oxidized soybean oil produced only small amounts of volatiles at the early stage of 277 
the oxidation, but after 100 hr of incubation, the pentane rapidly increased (Fig. 3A). 278 
Hexanal, an indicator of n-6 PUFA oxidation, steadily increased. Pentane and hexanal 279 
are known to form from the 13-monohydroperoxide of linoleate that is abundant in 280 
soybean oil TAGs (Table 1) [31].  281 

Fig. 4 displays the increase in the other major volatiles produced during the 282 
oxidation of the four types of TAGs. Although these volatile compound levels were 283 
relatively lower than those shown in Fig. 3, the characteristic difference was found in 284 
the rate increase of each volatile between the different TAGs. During the oxidation of 285 
the soybean oil TAG (Fig. 4A), the rate increases of heptane, octane, and pentanal were 286 
relatively higher than the other volatiles. However, during the oxidations of the linseed 287 
(Fig. 4B), echium (Fig. 4C), and fish oil (Fig. 4D) TAGs, 2-pentenal and 2-butenal were 288 
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found in much larger relative quantities than the other volatiles. 289 
The relative volatile composition changes according to the GC method used. A 290 

relatively higher proportion of the low molecular weight volatiles may be found using 291 
the static headspace method than those found by other GC volatile analysis methods, 292 
including the SPME method [19]. The low molecular weight volatiles, such as acrolein, 293 
propanal, pentane, 1-pentene-3-ol and 2-pentenal, can be found in the greatest 294 
proportion at a high vapor pressure during the equilibration of the headspace gas in the 295 
static headspace method. However, there is a limitation in the analysis of several 296 
characteristic compounds, such as 2,4-decadienal and 2,4-heptadienal that originated 297 
from the n-6 and n-3 PUFA hydroperoxides, when using the static headspace method 298 
[9]. By operating at relatively lower temperatures (as low as 60°C), the dynamic 299 
headspace method may measure the actual oxidation products present in the oils without 300 
thermal decomposition of the flavor precursors (17). Another advantage of this method 301 
is that it permits component enhancement to reveal the minor components that have a 302 
significant flavor. However, the lower-boiling compounds may be lost during the 303 
purging cycle in the SPME method, while other components, such as heptadienal and 304 
decadienal, can be concentrated in the trap. Thus, using the dynamic headspace method, 305 
the low molecular weight or low boiling volatile compounds, such as acrolein, propanal 306 
and pentane, are found in much less relative quantities than those found using the static 307 
headspace method operated at 60°C.  308 

Many types of volatiles have been reported from the fish oil oxidation using 309 
different types of analytical methods [8,13-18]. Each volatile detected from the oxidized 310 
fish oil may have some responsible role for the oxidative deterioration; however, the 311 
most notable volatiles are those formed during an early stage of the oxidation. This is 312 
because fish oil induces oxidative deterioration from a very early stage of the oxidation. 313 
Acrolein that was found in the present experiments may play an important role in fish 314 
oil deterioration. As shown in Fig. 2B, 2C, and 2D, acrolein was detected in linseed, 315 
echium, and fish oil TAGs, respectively, at the early stages of oxidation. Specifically, 316 
the highest relative quantity of acrolein was found in fish oil TAG, followed by the 317 
echium and linseed oil TAGs, respectively. Therefore, acrolein may have a large impact 318 
on fish oil deterioration. 319 

Prior studies have found higher levels of acrolein from the oxidation of TAGs that 320 
are more abundant in α-linolenate than in linoleate or oleate [23]. When different types 321 
of oils were oxidized at 60°C for 15 days and the volatiles were analyzed via the SPME 322 
method, the highest level of acrolein was found in the cod liver oil, followed by the fish, 323 
flaxseed, walnut, soybean, the low α-linolenic soybean, and the partially hydrogenated 324 
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vegetable oils, respectively [18]. Acrolein was also found in the oxidation of methyl 325 
oleate, linoleate, and α-linolenate at 100°C [25] and 180°C [23]. Among the oxidation, 326 
the level of acrolein was greatest in methyl linolenate. Relatively smaller amount of 327 
acrolein was also found from methyl linoleate oxidation, but not or a little from methyl 328 
oleate. As shown in Fig. 2, acrolein was formed with propanal from the very early stage 329 
of oxidations of fish, echium, and linseed oil TAGs. In addition, the peak area ratio of 330 
acrolein to propanal on the GC was the much highest in fish oil TAG, being followed by 331 
echium oil TAG and linseed oil TAG, respectively. Therefore, more acrolein could be 332 
produced in the lipid oxidation when the lipid contains more unsaturated fatty acids, 333 
such as EPA and DHA. 334 

 Most probably, acrolein found in the early stage of fish oil oxidation is formed 335 
during the decomposition of the oxidation products from EPA and DHA. Endo et al. 336 
[23] have suggested the formation of acrolein by the cleavage of dihydroperoxides and 337 
hydroperoxy epidioxides, since these secondary oxidation products are known to be 338 
more readily produced from PUFAs having more double bonds [32]. Although the 339 
formation mechanism of acrolein from EPA and DHA has not yet been made clear, it 340 
might be quickly and continuously produced after propanal formation as shown in Fig. 341 
5. Fig. 4 showed the different behavior of acrolein formation as compared with those of 342 
other volatile compounds. Acrolein increased in an early stage of oxidation, but 343 
thereafter, gradually decreased, while other volatile compounds did not decrease during 344 
the experimental period. This may be due to the higher reaction activity of acrolein 345 
(33,34). Acrolein would be quickly oxidized and/or decomposed during the incubation.  346 
 347 
Conclusions 348 

 349 
The present study revealed the preferential formation of acrolein (2-propenal) at the 350 

very early stage of fish oil oxidation. Acrolein was most abundant volatile formed 351 
during the fish oil oxidation, while other compounds such as propanal, pentane, and 352 
hexanal were detected as major volatiles in echium, linseed, and soybean oil TAGs. 353 
Thus, acrolein may act as a key compound having a strong impact on flavor 354 
deterioration of fish oil, especially at early stage of the oxidation.  355 

GC methods are the best technique for determination of the volatile oxidation 356 
products formed during the lipid oxidation. Among them a dynamic headspace method 357 
with SPME fiber is often used for this purpose. The dynamic headspace method has the 358 
advantage of using lower temperatures and permitting enhancement of trace compounds 359 
in complex mixtures of a wide range of volatile compounds. However, the 360 
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lower-boiling compounds such as acrolein may be lost during the purging cycle in the 361 
SPME method. The present study indicated that static headspace method will be better 362 
to detect acrolein. A judicious use of several GC techniques is necessary to evaluate 363 
volatiles during the analysis of volatiles from lipid oxidation precursors. 364 
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Figure legends 469 
 470 
Figure 1.  Oxidative stability of soybean oil TAG (open circle), linseed oil TAG (open 471 
square), echium oil TAG (open triangle), and fish oil TAG (open diamond). The stability 472 
was analyzed by measuring the decrease in oxygen (A) and the increase in total volatiles 473 
(B) and (C) in a head space gas of the vial. Oxidation was done at 50°C (A) and (B) or 474 
60°C (C) in the dark. The data value was expressed as the mean+SD of three separate 475 
experiments. 476 
 477 
Figure 2.  Representative GC of volatile compounds from oxidized soybean (A), 478 
linseed (B), echium (C), and fish (D) oil TAGs after 8, 16, 90, and 198 hr incubation at 479 
60°C. Volatile compounds from the oxidized TAG was analyzed by static headspace 480 
GC method and identified by GC-MS method. Major volatiles: (1), acrolein; (2), 481 
propanal; (3), pentane; (4), 1-penten-3-ol; (5), hexanal. 482 
 483 
Figure 3. Increase in major volatile compounds during the oxidation of soybean (A), 484 
linseed (B), echium (C), and fish (D) oil TAGs during the incubation at 60°C in the dark. 485 
Major volatiles: acrolein (open circle;), propanal (open triangle), pentane (open square), 486 
1-penten-3-ol (open diamond), and hexanal (solid circle). The data value was expressed 487 
as the mean+SD of three separate experiments. 488 
 489 
Figure 4. Increase in other major volatile compounds during the oxidation of soybean 490 
(A), linseed (B), echium (C), and fish (D) oil TAGs during the incubation at 60°C in the 491 
dark. Major volatiles: 2-butenal (open circle), pentanal (solid square), 2-pentenal (open 492 
triangle), heptane (open diamond), octane (solid circle, 2-heptenal (open square), and 493 
2-octenal (solid triangle). The data value was expressed as the mean+SD of three 494 
separate experiments. 495 
 496 
Figure 5. Proposed mechanism for the formation of acrolein from EPA and DHA. 497 



Table 1. Composition (weight %) of Major Fatty Acids of 
Substrate TAG 
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