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ABSTRACT: The fatty acids (FA) compositions and positional distributions in triacylglycerols (TAG) and phospholipids (PL)
of five wild freshwater fish (Squaliobarbus curriculus, Erythroculter ilishaeformis, Pseudobagrus fulvidraco, Bostrichthys sinensis, and
Siniperca kneri Garman) from Poyang Lake (the largest freshwater lake of China) were studied. For TAG, S. kneri German had the
highest content (13.59%) of n — 3 polyunsaturated fatty acids (PUFA) and E. ilishaeformis had the lowest ratio of (n — 6)/(n — 3)
(0.65). PL had a high content of PUFA, which declined in the order of phosphatidylethanolamine (PE) > phosphatidylcholine
(PC) > TAG. 9c11t-18:2 accounted for 6.38—50.77% of total conjugated linoleic acids (CLA). The highest level of odd-branched
chain fatty acids (OBCFA) was 26.7% in B. sinensis. The study revealed that the distribution of FA among the sn positions was
not random: monounsaturated fatty acids (MUFA) and PUFA preferred positions 1 and 3 and saturated fatty acids (SFA)
position 2 of TAG, while SFA and MUFA predominated over sn-1-PL and PUFA over sn-2-PL.
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B INTRODUCTION

Fish lipids have been under scientific research as a good source
of n — 3 and n — 6 polyunsaturated fatty acids (PUFA), which
have effects on retinal and neural development for infants,
inflammation, and immunity processes as well as prevention of
cardiac and circulatory disorders.' > Although freshwater fish in
general contain higher proportions of n — 6 PUFA (2.42—
21.92%) than marine species (0.43—14.2%), they also have
excellent levels of n — 3 PUFA, such as 20:5n-3 (1.15—13.8%))
and 22:6n-3 (0.94—24.8%), with a ratio of (n — 6)/(n — 3)
PUFA varing between 0.04 and 4.55.%°

Fish PUFA may vary by differences in location, environment,
season, gender, diet, and species. In fact, Jabeen and Chaudhry
related the high amount of PUFA in freshwater fish with their
teed preference to phytoplanktons, which are usually rich in
essential fatty acids (FA), 18:2n-6 and 18:3n-3.%” Compared
with marine species, freshwater fish are more capable of de-
saturating and elongating 18:2n-6 and 18:3n-3 into long-chain
PUFA (LCPUFA, >C,,) due to their higher activity of A6D
(FA desaturase) gene expression.s’9 Poyang Lake, as a main
water source of the Yangtze River, is the largest freshwater lake
in China and harbors about 133 species of fish. Thus, given the
dietary and geographic effects on fish FA, the fish PUFA in
Poyang Lake is distinguished from other regions studied before.

About 30000 tons of fish in Poyang Lake have been caught
annually in the 21st century and are commercially important for
food in the Jiangxi province. However, little attention has been
paid to the fish FA compositions of Poyang Lake. Currently,
PUFA like 20:5n-3 and 22:6n-3 from deep-sea fish are devel-
oped as nutraceuticals, which are relatively expensive due to the
great depth of the deep sea, making it hard to exploit. Since
freshwater fish contain a good amount of n — 3 and n — 6
PUFA, how to adequately utilize freshwater fish lipids from
Poyang Lake is highly important and promising.
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On the other hand, the bioavailability of FA is affected by the
structures of dietary triacylglycerols (TAG) and phospholipids
(PL). Due to the specific hydrolysis of pancreatic lipase on
TAG and phospholipase A, on PL, respectively, dietary lipids
are mainly absorbed as sn-2-monoacylglycerols (sn-2-MAG),
sn-1-lysophospholipids, and free FA split from the 1 and 3
positions of TAG or 2 position of PL, but absorption in the
body gets more difficult for released long-chain saturated fatty
acids (>C,,) because they tend to form insoluble soaps with
magnesium and calcium.'® The hydrolyzed products (>C,,)
are absorbed, subjected to re-esterification, and then incorpo-
rated into the chylomicrometers as newly formed TAG and PL
in the enterocytes. Therefore, FA of the sn-2-position and sn-1-
position from dietary TAG and PL, respectively, are retained in
plasma TAG, whereas FA split off may be partially replaced by
endogenous FA.'”'' The compositions, distributions, carbon
chain length, and degree of unsaturation of FA vary significantly
from species to species in fish lipids, which generally affect the
nutritional, di§estive, absorptive, and metabolic properties of
dietary lipids."* Thus, to shed more light on the nutritional and
biological effects of fish lipids, it is of significance to gain deeper
understanding of structural FA distributions.

We have early shown that wild freshwater fish, namely,
Squaliobarbus curriculus, Erythroculter ilishaeformis, Pseudobagrus
fulvidraco, Bostrichthys sinensis, and Siniperca kneri Garman of
Poyang Lake have higher total PUFA than freshwater species
from other regions, and this value is similar to seawater fish.'>1*
For comprehensive details of the fish lipids as mentioned
above, the aim of this study was to determine the FA profiles
and stereospecific analysis of TAG, phosphatidylcholine (PC),
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Table 1. Total Lipid (% Wet Weight) and Lipid Classes (% Total Lipid) from Five Wild Freshwater Fish in Poyang Lake”

TL TAG PC PE
S. curriculus 2.10 + 0.19¢ 80.86 + 0.43° 3.75 + 0.33° 2.04 + 0.19°
E. ilishaeformis 1.73 + 0.20° 65.69 + 0.39¢ 4.06 + 0.26° 2.80 + 0.21°
P. fulvidraco 129 + 0.22° 79.59 + 0.50° 7.79 + 0.19° 470 + 0.23°
B. sinensis 0.51 + 0.17° 59.48 + 0.36" 11.16 + 0.30° 5.07 + 0.32°
S. kneri Garman 0.37 + 0.08" 55.64 + 0.44° 11.81 + 0.45¢ 549 + 0.18¢

“Mean values + SD (n = 3). Values in the same column with different letters show significant differences (p < 0.05). TL, total lipids; TAG,

triacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine.

and phosphatidylethanolamine (PE) of these five wild fresh-
water fish from Poyang Lake.

B MATERIALS AND METHODS

Materials and Chemicals. Five wild freshwater fish, S. curriculus,
E. ilishaeformis, P. fulvidraco, B. sinensis, and S. kneri Garman, were
captured in May within Poyang Lake of Jiangxi province, China. Six
individuals of each species were transported in ice to the laboratory.
After removal of head, skin, viscera, and bone they were homogenized
by a blender and then stored at —80 °C until analyzed. Fish lipids were
extracted by a previous method."® PL standards from egg yolk in-
cluding PC (purity > 99%), PE (purity > 98%), lysophosphatidylcho-
line (LPC, purity > 99%), and lysophosphatidylethanolamine (LPE,
purity > 99%), lipase from porcine pancreas (Type II), phospholipase
A, from porcine pancreas, and (trimethylsilyl) diazomethane solution
were from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Stan-
dards of TAG, diacylglycerols, monoacylglycerols, and free FA were
collected using modified Hita method from fish lipids.'® Standard fatty
acid methyl esters (FAME, #463) spiked with a mixture of four
positional CLA isomers (#UC-59 M) were obtained from Nu-Chek
Prep Inc. (Elysian, MN). Silica gel (ZCX-II, 54—74 pm) and silica gel
GF254 TLC plates (20 X 20 cm) were obtained from Haiyang Chem-
ical Group (Qingdao, China). n-Hexane used in GC was purchased
from Merck (Darmstadt, Germany), and other solvents were analytical
reagent grade.

Separation of Lipids by Adsorption Chromatography. Silica
gel containing 5% water was prepared beforehand. A glass column
containing silica gel was conditioned using 3 column volumes of
petroleum ether (bp 40—60 °C)/ether (87:13, v/v), and then the fish
lipids were applied onto the column according to the published
method with modifications.'” The neutral lipids tended to elute first
with the solvents mentioned above (87:13, v/v) by 2 column volumes,
followed by glycolipids with 2 column volumes of acetone and finally
PL (methanol, 8 column volumes). Butylated hydroxytoluene
(0.02%, BHT) was added to the solvents to prevent oxidation of
PUFA. In each fraction about 1/3 of the column volume was collected
into a tube, evaporated under vacuum (40 °C), and determined by
TLC using n-hexane/ether/acetic acid (75:25:1, v/v/v) as developing
solvent for neutral lipids while chloroform/methanol/water (65:25:4,
v/v/v) was used for PL. The plates were allowed to dry under
N, atmosphere and visualized by dichlorofluorescein. Lipids frac-
tions were identified by comparison with TAG, PC, and PE stan-
dards. Fractions containing homogeneous TAG, PC, and PE were
accumulated.

Stereospecific Analysis of TAG. The method of Hita et al. with
modification was employed to determine FA in position 2 of TAG: an
aliquot (10 mg) of purified TAG, 10 mL of buffer solution tris-HCl
(1M, pH 7.6), and 2.5 mL of 0.05% bile salts solution.

One milliliter of 2.2% calcium chloride solution and 10 mg of pan-
creatic lipase were placed in a centrifuge tube and shaken vigorously
for 1 min. Later, the mixture was incubated for 3 min at 37 °C and
shaken intensively for 30 s, and then this procedure was repeated
another two times. Afterward, 6 mL of diethyl ether was added to stop
the reaction and the mixture was centrifuged at 4200 rpm for S min.
The upper layer was dried under N, atmosphere and analyzed by TLC
and GC."® sn-2-MAG obtained was subjected to methylation described
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by Ichihara et al,,'® and another aliquot of purified TAG was methyl-
ated according to Cruz-Hernandez et al.'’

The mean composition of each FA in positions 1 and 3 can be
calculated from its concentrations in the intact TAG and sn-2-MAG
according to the following relationship

positions 1 and 3 mol %
= (TAG mol % X 3 — sn-2-MAG mol %)/2

Stereospecific Analysis of PC and PE. The method of
Robertson and Lands with little modification was employed to deter-
mine FA in positions 1 and 2 of PC (PE): an aliquot (5 mg) of puri-
fied PC (PE), 0.1 mL of phospholipase A, solution, and 2 mL of
diethyl ether were placed in a centrifuge tube; then it was shaken
vigorously for 3 h to be hydrolyzed thoroughly with 0.02% BHT under
N, atmosphere at 25 °C. The mixture was analyzed by TLC and GC.*°
sn-1-LPC (sn-1-LPE) and intact PC (PE) were subgected to
transesterification as described by Cruz-Hernandez et al,' and free
FA (in position 2) released from PC (PE) were methylated by the
previous method.”'

GC Analysis. The FAME were analyzed by a GC equipped with a
flame ionization detector and a fused silica capillary column (100 m X
0.25 mm X 0.2 ym) coated with 100% cyanopropyl polysiloxane (CP-
Sil 88, Chrompack; Middelburg, The Netherlands). The temperature
program was 86 min in total: the initial temperature of the oven was
45 °C for 4 min, increased to 175 °C at a rate of 13 °C/min, main-
tained for 27 min, further raised to 215 °C at a rate of 4 °C/min, and
finally kept at this temperature for 35 min."> Analysis of all peaks was
accomplished by comparison of their retention time with FAME
standards. All samples were carried out in triplicate.

Statistical Analysis. Fatty acid compositions were analyzed with
one-way analysis of variance, and mean values were compared using
Duncan’s test. The significance level was set at p < 0.05. All statistical
analyses were carried out using SPSS 13.0 software for Windows.

B RESULTS

Lipid Contents. The lipid contents (%) of five wild fresh-
water fish are presented in Table 1. The results showed the
total lipid contents differed among different species, and TAG
composed the major part of the total lipids. The maximal values
of total lipids (2.10%) and TAG (80.86%) were determined in
S. curriculus, with a minimum in PC (3.75%) and PE (2.04%),
whereas S. kneri Garman was lowest in total lipids (0.37%) and
TAG contents (55.64%) but highest in PC (11.81%) and PE
(5.49%). In general, an increase in the total lipids level was
accompanied with an increase in TAG but a decrease in PL
contents.

Total FA Compositions of TAG and PL in Five Wild
Freshwater Fish. Table 2 illustrates the total FA profile in
TAG, PC, and PE from S. curriculus, E. ilishaeformis, P. fulvidraco,
B. sinensis, and S. kneri Garman. Generally, significant differences
were observed for the majority of the FA among TAG, PC, and
PE. In each species total saturated fatty acids (SFA) and total
monounsaturated fatty acids (MUFA) mainly increased in
the order PE < PC < TAG, whereas total PUFA declined as
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PE > PC > TAG. The ratio of (n — 6)/(n — 3) in all studied
freshwater species ranged from 0.51 to 1.42; the ratio of ((n — 6) +
(n — 3)) PUFA/SFA was found to be lower than 1 for TAG
(0.48—0.88)) and higher than 1 for PL (1.26—2.03) in our samples.

TAG. Among TAG of each selected fish, total SFA (31.59—
40.07%), and total MUFA (30.17—44.62%) predominated over
total PUFA (18.38—31.86%) (Table 2). The major SFA was
16:0 from 16.29% to 21.10% followed by 18:0. Total cis MUFA
varied from 29.34% in S. kneri Garman to 43.90% in S. curriculus,
among which 18:1n-9 was the most abundant. The levels of
18:2n-6 and 18:3n-3 in B. sinensis were higher than any other
fish, with 9.18% and 5.77%, respectively. E. ilishaeformis predo-
minated in the content of 20:5n-3 (3.26%) and 22:6n-3 (6.01%)
and S. kneri Garman of 20:4n-6 (5.51%) and 22:5n-3 (1.92%).
We also observed a considerable amount of total odd-branched
chain fatty acids (OBCFA) ranging from 5.94% for S. curriculus
to 14.74% for B. sinensis.

PL. On the contrary, the proportions of total PUFA had the
maximum value (40.94—56.55%) and total MUFA (10.75—
22.80%) showed the minimum in PL fractions of each sample
(Table 2). Total SFA exhibited modest fluctuation between
27.12% and 37.46% in both PC and PE of all fish, with
PC containing relatively higher and lower amounts of 16:0
and 18:0 than the PE fraction, respectively (Table 2). Total
cis MUFA in PL were lower than TAG with 18:1n-9 constituting
the major isomer. Total PUFA was the richest fraction among
PL from 40.94% to 47.81% for PC and from 48.21% to 56.55%
for PE. 20:4n-6 and 22:6n-3 in PL (>10%) exhibited exclusively
dominance over other PUFA of all species, with the exception
of S. kneri Garman for 20:4n-6 (6.04%) in PE. S. curriculus
predominated in the content of 20:5n-3 (PC, 7.54%; PE,
3.15%) and B. sinensis of 22:5n-3 (PC, 2.99%; PE, 3.94%). The
total OBCFA in PL were consistently lower than TAG, with
contents varying from 3.16% for S. curriculus in PC to 7.88% for
S. kneri Garman in PE.

FA Distributions in TAG and PL of Five Wild Fresh-
water Fish. Regarding positional FA distributions in TAG
(Figure 1), 16:0, 22:5n-3, and 22:6n-3 were preferentially
esterified in the sn-2-postion of all species while 18:0, 18:1n-9,
18:2n-6, 18:3n-3, 20:4n-6, and 20:5n-3 were mainly esterified in
positions 1 and 3, with the exception of E. ilishaeformis and
B. sinensis for 18:2n-6 and P. fulvidraco for 20:4n-6 (Figure 1b—d).
As indicated in Figure 2, stereospecific analysis of the TAG
fraction showed preferential association of total SFA to the
sn-2-position whereas total MUFA and PUFA to positions 1
and 3 in all samples .

With respect to positional FA distributions in PC (Figure 3)
and PE (Figure 4), 16:0, 18:0, 18:1n-9, and 18:3n-3 were
preferentially esterified in the sn-1-position, followed in
sequence by sn-2-position. 20:4n-6, 20:5n-3, 22:5n-3, and
22:6n-3 preferentially distributed in the sn-2-position of PL in
all freshwater fish. Figure 2 shows that the levels of total PUFA
were much higher in the sn-2-position (59.88—87.26%) than
the sn-1-position (15.78—33.96%), whereas total SFA and total
MUFA mainly occupied the sn-1-position (46.71—66.57% and
13.94—25.43%, respectively).

Bl DISCUSSION

PUFA. Table 2 shows that the total PUFA characterized the
lowest and highest contents in TAG and PL among the fish
selected, respectively, which were in good agreement with
Simonetti et al., who reported the most notable PUFA were
found in PL of cultured freshwater fish.* It is interesting to
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Figure 1. Positional distribution of major fatty acids in TAG of five wild
freshwater fish from Poyang Lake (mol %, n = 3). Mean values with stan-
dard deviations plotted as bars: (a) S. curriculus; (b) E. ilishaeformis;
(c) P. fulvidraco; (d) B. sinensis; (e) S. kneri Garman; TAG, triacylglycerol.
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Figure 4. Positional distribution of major fatty acids in PE of five wild
freshwater fish from Poyang Lake (mol %, n = 3). Mean values with
standard deviations plotted as bars: (a) S. curriculus; (b) E. ilishaeformis;
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ethanolamine.

note that the fish TAG and PL of Poyang Lake were rich in
PUFA (18.38—31.86% and 40.94—56.55%, respectively) (Table 2),
which were similar to PUFA from marine fish (23.75—22.44% for
TAG; 49—52% for PL)**** and higher than wild freshwater trout
from Turkey (20.48—34.38% for NL; 16.65—35.14% for PL).*®
The relative abundance of 20:4n-6 (2.48—19.13%, Table 2) in
species selected was much higher than wild freshwater species
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(0.14—0.42%) from the Indus River® and marine species
(0.19-0.68%) from Malaysia.”® As a precursor for prostaglan-
din and thromboxane, 20:4n-6 could facilitate wound healing
by influencing the process of the blood clot and attachment to
the endothelial cells.”” Table 2 shows that the levels of 20:5n-3
and 22:6n-3 in TAG (3.26% and 6.01%, respectively), PC
(6.12% and 15.44%, respectively), and PE (3.03% and 23.85%,
respectively) from E. ilishaeformis were close to data (4.25—
11.6% for 20:5n-3; 6.15—16.1% for 22:6n-3) obtained from the
Mauritanian coast.”® As reported in the Introduction, the
variability of the fish fatty acid profile is due to location,
environment, season, gender, diet, and species. Benedito-Palos
et al.* and Suzuki et al.*® proved that the high PUFA levels of
fish depends on their diet rich in essential FA. A considerable
amount of 18:2n-6 (17.26—27.88%), 18:3n-3 (5.51%), 20:5n-3
(2.03—-2.95%), and 22:6n-3 (2.48—3.64%) were found in
planktons of Poyang Lake (Lei et al, unpublished work). As
a main water source of the Yangtze River and the largest
freshwater lake in China, the unique location of Poyang Lake
has a significant effect on its biodiversity. Hence, the high ratio
of PUFA of wild freshwater fish in the study may be attributed
to the distinctive environment of Poyang Lake.

The physiological effects of # — 3 PUFA on the human body
have been well documented;* however, consumption (<100 mg/d)
of n — 3 PUFA for Chinese continental residents is much lower
than the international recommended daily allowance (250 mg/d).
Therefore, the dietary intake of freshwater fish (n — 3 PUFA,
8.77—32.87%) from Poyang Lake could validly increase the
n — 3 PUFA requirement for inland residents. Besides, the balanced
intake of n — 6 and n — 3 PUFA functions is more important
for human health. An inappropriate ratio of (n — 6)/(n — 3)
may cause inflammation, dysfunction of the immunological
system, and cancer as well as a greater chance for cardiovascular
disease.>>! Hence, FAO/WHO has recommended that the
ratio of (n — 6)/(n — 3) PUFA should be less than 4.>* The
ratio of (n — 6)/(n — 3) PUFA in all studied freshwater species
(0.51—1.42) would be beneficial for improving human nutri-
tion. The ratio of ((n — 6) + (n — 3)) PUFA/SFA (0.48—2.03)
in our samples is in accordance with FAO/WHO, who suggests
that the ratio should be above 0.4—0.5 (Table 2).*>

Conjugated Linoleic Acids (CLA). Ruminant products are
the major sources of CLA in the diet. Interestingly, a good level
of CLA was found in fish lipids, with 9c11t-18:2 constituting
between 6.38% for E. ilishaeformis and 50.77% for S. curriculus
of total CLA in fish lipids. CLA is desirable for atherosclerosis-
reducing, anticarcinogenic, and body fat-lowering properties.**>*
However, whether fish could serve as one of the natural CLA
supplements for the human diet should be given careful consi-
deration since there is a large amount of tt-CLA (accounting for
66.67—91.49% of total CLA) in studied fish lipids (Table 2).

OBCFA. 1t is interesting to note the considerable amount of
three patterns of OBCFA i in fish lipids, which usually originate
from plankton or bacteria.*® The total proportions of iso- and
anti-FA, so-called branched chain fatty acids (BCFA), in TAG
(1.75—5.89%) were consistently higher than PL (1.6—2.96%)
in each species (Figure S), which was in contrast to results
obtained by Hauff and Vetter,”” with 0.01—0.3% for NL and
0.01-0.77% for PL; however, the dominance of is015:0 and
is017:0 in BCFA from all fish (0.07—2.23%) was in accordance
with Hauff and Vetter.”” These BCFA function as antitumor
agents against human cancer cells.*® Saturated odd carbon fatty
acids (SOCFA), such as 15:0 and 17:0, were the most abundant
(2.27-8.35%) among the three patterns of OBCFA, with the
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in TAG (a) and PL (b) of five wild freshwater fish from Poyang Lake
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exception of S. kneri Garman for TAG (Figure S). SOCFA play
a role in counteracting the decreases in liver glycogen and
serum glucose during starvation.’” Unsaturated odd carbon
fatty acids (UOCFA), mainly composed of 17:1n-8, may act as
modulators of neutrophil functions including degranulation and
superoxide generation.40

Stereospecific Analysis of TAG and PL. It is well known
that the bioavailability of FA is significantly affected by dietary
lipid structure; as a general rule, absorption of FA in the sn-2-
position in TAG is preferred.*' Christensen et al. found that the
digestion, absorption, and metabolism of 20:5n-3 and 22:6n-3
esterificated in the sn-2- position were much more efficient.*”
Thus, the preferential distribution of 22:5n-3 and 22:6n-3 in
the sn-2-position of glycerol could enhance its fat absorption
and physiological response in vivo, whereas the bioavailability
of 18:2n-6, 18:3n-3, 20:4n-6, and 20:5n-3 that were exclusively
present in positions 1 and 3 may be impaired (Figure 1).*
However, to shed comprehensive light on the biological
response of fish lipids from Poyang Lake, FA in positions 1
and 3 of TAG should be further studied.

Figure 2 shows our results are well confirmed by previous
reports, which indicate that there is a preferential location
of the sn-2-position with PUFA, while both SFA and MUFA
occupy the sn-1-position of PL.** The general trend is attrib-
uted to the theory that the PUFA (more prone to oxidation) on
the sn-2-postion of PL could be protected against oxidative
damage.** Yoshida et al. found that 18:2 distributed in the sn-2-
position of PC in sesame seeds was significantly protected from
oxidation during the roasting process, whose content remained
at about 42% of total lipids, whereas the content of 18:2 in the
sn-1-position of PC declined from about 30% to 12% of total
lipids.** On the other hand, absorption of dietary PL may be
superior to TAG. Carnielli et al. studied four groups of preterm
infants fed different diets (Group 1, preterm breast milk; Group 2,
a formula without LCPUFA; Group 3, a formula with LCPUFA
from egg yolk PL; Group 4, a formula with LCPUFA from
unicellular microorganisms TAG) and found that absorption of
22:6n-3 was better in Group 3 (88.3%) than in any other group
(78.4% for Group 1, 0 for Group 2, and 80.6% for Group 4).*
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In summary, in view of the high content of PUFA and the
appropriate ratio of (n — 6)/(n — 3) PUFA, consumption of
wild freshwater fish in Poyang Lake could be a good alternative
to the marine fish for improving human health and nutrition.
The study also reveals that the distribution of FA among the
sn positions was not random: the preferential distributions of
PUFA in position 2 of TAG and PL could facilitate themselves
to be better utilized by humans. Nevertheless, the physiological
effects and larger presence of OBCFA found in fish lipids need
further investigation.

B AUTHOR INFORMATION

Corresponding Author
*Phone/fax: +86 791 88304402. E-mail: zeyuandeng@hotmail.
com.

Author Contributions
"These authors are considered as cofirst authors.

Funding Sources

This study was financed by the Science and Technology Research
Program of Jiangxi Province Office of Education, National Natural
Science Fund (31060214) and Jiangxi Province Natural Science
Fund (2009GZY0148).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Innis, S. M. Perinatal biochemistry and physiology of long-chain
polyunsaturated fatty acids. J. Pediatr. 2003, 143, 1-8.

(2) Calder, P. C; Grimble, R. F. Polyunsaturated fatty acids, inflam-
mation and immunity. Eur. J. Clin. Nutr. 2002, 56, 14—19.

(3) Kris-Etherton, P. M.; Harris, W. S.; Appel, L. J. Fish consump-
tion, fish oil, omega-3 fatty acids, and cardiovascular disease. Circulation
2002, 106, 2747—2757.

(4) Andrade, A. D.; Rubira, A. F.; Matsushita, M.; Souza, N. E. @-3
fatty acids in freshwater fish from South Brazil. J. Am. Oil Chem. Soc.
1995, 72, 1207—1210.

(S) Ozogul, Y,; Ozogul, F.; Alagoz, S. Fatty acid profiles and fat
contents of commercially important seawater and freshwater fish
species of Turkey: A comparative study. Food Chem. 2007, 103, 217—
223.

(6) Jabeen, F.; Chaudhry, A. S. Chemical compositions and fatty acid
profiles of three freshwater fish species. Food Chem. 2011, 125, 991—
996.

(7) Brett, M. T.; Muller-Navarra, D. C.; Persson, J. Crustacean
zooplankton fatty acid composition. In Lipids in Aquatic Ecosystems;
Arts, M. T, Brett, M. T., Kainz, M. J., Eds.; Springer: New York, 2009;
pp 115—146.

(8) Leaver, M. J.; Bautista, J. M.; Bjornsson, B. T.; Jonsson, E.; Krey,
G.; Tocher, D. R;; Torstensen, B. E. Towards fish lipid nutrigenomics:
current state and prospects for fin-fish aquaculture. Rev. Fish. Sci. 2008,
16, 73—94.

(9) Vagner, M.; Santigosa, E. Characterization and modulation of
gene expression and enzymatic activity of delta-6 desaturase in
teleosts: A review. Aquaculture 2011, 315, 131—143.

(10) Carnielli, V. P.; Luijendijk, I. H. T.; Vangoudoever, J. B.; Sulkers,
E. J; Boerlage, A. A; Degenhart, H. J; Sauer, P. J. J. Feeding
premature newborn-infants palmitic acid in amounts and stereo-
isomeric position similar to human-milk-effects on fat and mineral
balance. Am. J. Clin. Nutr. 1995, 61, 1037—1042.

(11) Yang, L. Y.; Kuksis, A. Apparent convergence (at 2-monoacylglycerol
level) of phosphatidic acid and 2-monoacylglycerol pathways of synthesis of
chylomicron triacylglycerols. J. Lipid Res. 1991, 32, 1173—1186.

(12) Hunter, J. E. Studies on effects of dietary fatty acids as related to
their position on triglycerides. Lipids 2001, 36, 655—668.

dx.doi.org/10.1021/jf204584t | J. Agric.Food Chem. 2012, 60, 1857—1864



Journal of Agricultural and Food Chemistry

(13) Li, G. Y; Deng, Z. Y.; Fan, Y. W,; Li, J.; Lei, L.; Wu, X. P.
Characteristics of fatty acids in ten freshwater fish of the Poyang Lake.
Shipin Gongye Keji 2010, 31, 324—328.

(14) Fan, Y. W,; Deng, Z. Y.; Zhang, A. F; Wu, Z. Q; Li, Q
Comparison of fatty acids in wild freshwater fish of the Poyang Lake.
Shipin Kexue 2006, 27, 597—600.

(15) Folch, J.; Lees, M.; Stanley, G. H. S. A simple method for the
isolation and purification of total lipids from animal tissues. J. Biol.
Chem. 1957, 226, 497—509.

(16) Hita, H,; Robles, A,; Camacho, B.; Ramirez, A.; Esteban, L.;
Jimenez, M. J.; Munio, M. M,; Gonzalez, P. A.; Molina, E. Production
of structured triacylglycerols (STAG) rich in docosahexaenoic acid
(DHA) in position 2 by acidolysis of tuna oil catalyzed by lipases.
Process Biochem. 2007, 42, 415—422.

(17) Nielsen, H. In situ solid phase extraction of phospholipids from
heat-coagulated egg yolk by organic solvents. Lebensm.-Wiss. Technol.
2001, 34, 526—532.

(18) Ichihara, K; Shibahara, A.; Yamamoto, K; Nakayama, T. An
improved method for rapid analysis of the fatty acids of glycerolipids.
Lipids 1996, 31, 535—539.

(19) Cruz-Hernandez, C.; Deng, Z. Y,; Zhou, J. Q; Hill, A. R;
Yurawecz, M. P,; Delmonte, P.; Mossoba, M. M.; Dugan, M. E. R;
Kramer, J. K. G. Methods for analysis of conjugated linoleic acids and
trans-18:lisomers in dairy fats by using a combination of gas
chromatography, silver-ion thin-layer chromatography/gas chromatog-
raphy, and silver-ion liquid chromatography. J. AOAC Int. 2004, 87,
545—562.

(20) Robertson, A. F.; Lands, W. E. M. Biochemistry. In Lipid
analysis: isolation, separation, identification, and structural analysis of
lipids, 3rd ed.; Christie, W. W., Ed.; The Oily Press: Britain, 2003; pp
384—387.

(21) Roach, J. A. G; Mossoba, M. M.; Yurawecz, M. P.; Kramer,
J. K. G. Chromatographic separation and identification of conjugated
linoleic acid isomers. Anal. Chim. Acta 2002, 465, 207—226.

(22) Simonetti, M. S.; Blasi, F.; Bosi, A .; Maurizi, A.; Cossignani, L.;
Damiani, P. Stereospecific analysis of triacylglycerol and phospholipid
fractionsof four freshwater fish species: Salmo trutta, Ictalurus
punctatus, Ictalurus melas and Micropterus salmoides. Food Chem.
2008, 110, 199—206.

(23) Ando, Y.; Shimoyama, A; Ota, T. Changes in positional
distribution of fatty acids in dorsal muscle triacyl-sn-glycerols from
chum salmon, Oncorhynchus keta, at spawning season. Comp. Biochem.
Physiol,, Part B: Biochem. Mol. Biol. 1996, 113, 89—93.

(24) Takama, K; Suzuki, T.; Yoshida, K; Arai, H,; Mitsui, T.
Phosphatidylcholine levels and their fatty acid compositions in teleost
tissues and squid muscle. Comp. Biochem. Physiol, Part B: Biochem.
Mol. Biol. 1999, 124, 109—116.

(25) Bayir, A.; Sirkecioglu, A. N.; Aras, N. M.; Aksakal, E.; Halilogly,
H. L; Bayir, M. Fatty acids of neutral and phospholipids of three
endangered trout: Salmo trutta caspius Kessler, Salmo trutta labrax
Pallas and Salmo trutta macrostigma Dumeril. Food Chem. 2010, 119,
1050—1056.

(26) Osman, H.; Suriah, A. R;; Law, E. C. Fatty acid composition and
cholesterol content of selected marine fish in Malaysian waters. Food
Chem. 2001, 73, 55—66.

(27) Rahman, S. A;; Huah, T. S.; Hassan, O.; Daud, N. M. Fatty-acid
composition of some Malaysian fresh-water fish. Food Chem. 1995, 54,
45—49.

(28) Louly, AW.O.A .; Gaydou, E. M.; El Kebir, M. V. O. Muscle
lipids and fatty acidprofiles of three edible fish from the Mauritanian
coast: Epinephelus aeneus, Cephalopholis taeniops and Serranus scriba.
Food Chem. 2011, 124, 24—28.

(29) Benedito-Palos, L.; Bermejo-Nogales, A.; Karampatos, A. I;
Ballester-Lozano, G. F,; Navarro, J. C.; Diez, A.; Bautista, J. M.; Bell,
J. G; Tocher, D. R; Obach, A; Kaushik, S; Perez-Sanchez, J.
Predictable effects of dietary lipid sources on the fillet fatty acid
composition of one-year-old gilthead sea bream (Sparus aurata L.).
Food Chem. 2011, 124, 538—544.

1864

(30) Suzuki, H.,; Okazaki, K; Hayakawa, S.; Wada, S.; Tamura, S.
Influence of commercial dietary fatty acids on polyunsaturated fatty
acids of cultured freshwater fish and comparison with those of wild fish
of the same species. J. Agric. Food Chem. 1986, 34, 58—60.

(31) Simopoulos, A. P. Evolutionary aspects of diet, the omega-6/
omega-3 ratio and genetic variation: nutritional implications for
chronic diseases. Biomed. Pharmacother 2006, 60, 502—507.

(32) FAO/WHO. Fats and oils in human nutrition; Report of a Joint
Expert Consultation; Rome, 1994.

(33) Nicolosi, R. J.; Rogers, E. J.; Kritchevsky, D.; Scimeca, J. A;
Huth, P. J. Dietary conjugated linoleic acid reduces plasma
lipoproteins and early aortic atherosclerosis in hypercholesterolemic
hamsters. Artery 1997, 22, 266—277.

(34) Amaru, D. L,; Field, C. J. Conjugated linoleic acid decreases
MCEF-7 human breast cancer cell growth and insulin-like growth
factor-1 receptor levels. Lipids 2009, 26, 449458.

(35) Heitmann, B. L.; Erikson, H.; Ellsinger, B. M.; Mikkelsen, K. L.;
Larsson, B. Mortality associated with body fat, fat-free mass and body
mass index among 60-year-old Swedish men - a 22-year follow-up. The
study of men born in 1913. Int. J. Obes. 2000, 24, 33—37.

(36) Ratnayake, W. M. N,; Olsson, B.; Ackman, R. G. Novel
branched-chain fatty acids in certain fish oils. Lipids 1989, 24, 630—
637.

(37) Hauff, S.; Vetter, W. Quantification of branched chain fatty acids
in polar and neutral lipids of cheese and fish samples. J. Agric. Food
Chem. 2010, 58, 707—712.

(38) Yang, ZH .; Liy, S. P,; Chen, X. D.; Chen, H; Huang, M,;
Zheng, J. P. Induction of apoptotic cell death and in vivo growth
inhibition of human cancer cells by a saturated branched-chain fatty
acid, 13-methyltetradecanoic acid. Cancer Res. 2000, 60, S05—509.

(39) Vanltallie, T. B.; Khachadurian, A. K. Rats enriched with odd-
carbon fatty acids: maintenance of liver glycogen during starvation.
Science 1969, 165, 811—-813.

(40) IshidaOkawara, A.; Tsuchiya, T.; Nunoi, H.; Mizuno, S.; Suzuki,
K. Modulation of degranulation and superoxide generation in human
neutrophils by unsaturated fatty acids of odd carbon numbers. Biochim.
Biophys. Acta, Mol. Cell Res. 1996, 1314, 239—246.

(41) Ramirez, M.; Amate, L.; Gil, A. Absorption and distribution of
dietary fatty acids from different sources. Early Hum. Dev. 2001, 68,
95—101.

(42) Christensen, J. H.; Korup, E.; Aaroe, J.; Toft, E; Moller, J;
Rasmussen, K.; Dyerberg, J.; Schmidt, E. B. Fish consumption, n-3
fatty acids in cell membranes, and heart rate variability in survivors of
myocardial infarction with left ventricular dysfunction. Am. J. Cardiol.
1997, 79, 1670—1673.

(43) Britannia Food Ingredients Ltd. Nutritional consequences of
Confectionery fats, 1997; http://www.britanniafood.com/english/
tcOL.htm.

(44) Brockerhoff, H.; Yurkowski, M.; Hoyle, R;; Ackman, R. Fatty
acid distribution in lipids of marine plankton. J. Fish. Res. Board Can.
1964, 21, 1379—1384.

(45) Yoshida, H.; Abe, S.; Hirakawa, Y.; Takagi, S. Roasting effects on
fatty acid distributions of triacylglycerols and phospholipids in sesame
(Sesamum indicum) seeds. J. Sci. Food Agric. 2001, 81, 620—626.

(46) Carnielli V. P,; Veriato, G.; Pederzini, F; Luijendijk, I;
Boerlage, A.; Pedrotti, D. Intestinal absorption of long-chain poly-
unsaturated fatty acids in preterm infants fed breast milk or formula.
Am. J. Clin. Nutr. 1998, 67, 97—103.

dx.doi.org/10.1021/jf204584t | J. Agric.Food Chem. 2012, 60, 1857—1864



